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Abstract
A double-walled carbon nanotube (DWNT) provides the simplest system to study the in-
teraction between concentric tubes in carbon nanotubes. The inner and outer walls of a
DWNT can be metallic (M) or semiconducting (S), and each of the four possible configura-
tions (MUM, M©S, SUS, S©M) has different electronic properties. We analyze the Raman
spectra from undoped and boron-doped chemical vapor deposition-derived DWNT bun-
dles (CVD-DWNTs) that exhibit the "coalescence inducing mode" (CIM) as they are heat
treated at temperatures between 12000C and 2000'C. We then report, for the first time,
detailed Raman spectroscopy experiments carried out on individual DWNTs, where both
concentric tubes of the same DWNT are measured under resonance conditions. A technique
is developed that combines tunable Raman spectroscopy with Raman mapping procedures
and electron beam lithography to enable the acquisition of Raman spectra from the indi-
vidual constituents of the same isolated DWNT. By using the technique mentioned above,
we measure resonant Raman scattering from 11 individual C60-derived double wall carbon
nanotubes all having inner semiconducting (6,5) tubes and various outer metallic tubes. We
report that in an individual DWNT an increase in the RBM frequency of the inner tube is
related to an increase in the RBM frequency of the outer tube due to a decrease in the wall
to wall distance. Finally, we use 40 laser excitation energies to analyze the differences in the
Raman spectra from chemical vapor deposition-derived DWNT bundles (CVD-DWNTs),
fullerene-derived DWNT bundles (C6o-DWNTs) and individual fullerene-derived DWNTs
with inner type I and type II semiconducting tubes paired with outer metallic tubes.
Thesis Supervisor: Mildred S. Dresselhaus
Title: Institute Professor of Electrical Engineering and Physics

Acknowledgments
I thank Millie and Gene Dresselhaus for their continuous guidance and support during my
years at MIT. Millie and Gene are not only admirable scientists but also humble, ethical
and hard working people that genuinely care about their student's education. Dear Millie
and Gene, thank you very much for everything.
I would also like to thank Professor Jing Kong for her valuable advice during my years
at MIT and Professors Silvia Gradecak and Francesco Stellacci for supervising my research
work and always being eager to listening and providing scientific advice. I thank my first
year Professors Samuel M. Allen and Joel Fink for their patience and willingness to ensure
the success of their students. Special thanks to Professor Mauricio Terrones for his valuable
assistance in the development of my academic and professional career. I am also grateful to
Professors Humberto Terrones and Pulickel M. Ajayan for propelling my academic career
before I came to MIT.
This thesis was made possible by all our international collaborators who always shared
information with me and provided both nanotube samples and insightful recommendations.
Special thanks to Professor M. Endo and his group at Shinshu University, Nagano, Japan,
with special thanks also to Professor Y.A. Kim. I am grateful to Professors M. Pimenta
and A. Jorio and their groups at the Federal University of Minas Gerais, Belo Horizonte,
Brazil, and Professors M. and H. Terrones and their group at IPICYT, San Luis Potosi,
Mexico. I am also grateful to Mrs. Laura Doughty for her administrative support.
I want to express my gratitude to the Mexican Government's Consejo Nacional de Cien-
cia y Tecnologia (CONACYT) for covering my tuition expenses and a portion of my living
expenses. I also thank Mexico's Secretaria de Educacion Publica (SEP), Grupo Jumex
and the US National Science Foundation (NSF Grant DMR 07-04197) for their financial
support.
During my years as graduate student at MIT I made many friends who went through
the same phases of this venture with me. We helped each other out and we became part of
the same family. Special thanks to all my friends and labmates at MIT.
Finally, I dedicate this work to my parents Ricardo and Lorena and to my siblings
Alberto, Natalia, and Maria. I am grateful for being able to say that I have a great family
that has always set a good example and provided me with unlimited support.

Contents
1 Introduction
1.0.1 Why Double Walled Carbon Nanotubes? . . . . . . . . . . . . . . .
1.0.2 The Importance of Raman Spectroscopy Measurements at the Indi-
vidual DW NT Level . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.0.3 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2 Carbon Nanotubes,
2.1 Geometrical Structure . . . . . . . . . . . .
2.2 Electronic Structure . . . . . . . . . . . . .
2.3 Phonon Structure........ . .......
2.4 Raman spectroscopy of Carbon Nanotubes .
2.4.1 First-order Raman Modes . . . . . .
2.4.2 Second-order Raman Modes . . . . .
2.5 Summary . . . . . . . . . . . . . . . . . . .
21
. . . . . . . . . . . . . . . 2 1
. . . . . . . . . . . . . . . 23
. . . . . . . . . . . . . . . 25
. . . . . . . . . . . . . . . 27
. . . . . . . . . . . . . . . 28
. . . . . . . . . . . . . . . 29
. . . . . . . . . . . . . . . 33
3 Heat-Treated and Boron-Doped CVD-derived Double Walled Carbon Nan-
otube Bundles 35
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2 Experimental Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.3.1 The Diameter Distribution and Metallic/Semiconducting Nature of
the Resonantly Excited Tubes of DWNTs . . . . . . . . . . . . . . . 40
3.3.2 The Radial Breathing Mode as a Function of Thtt . . . . . . . . . . . 42
3.3.3 The D-band as a Function of Thtt and Boron Doping . . . . . . . . . 45
3.3.4 The G-band as a Function of Thtt and Boron Doping . . . . . . . . . 52
3.3.5 The G'-band as a Function of Thtt and Boron Doping . . . . . . . . 57
3.3.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4 CVD-derived Isolated Double-Walled Carbon Nanotubes with Different
Metallic and Semiconducting Configurations 65
4.1 Introduction ............................................ 65
4.2 Experimental Procedures and Raman Maps .................. 67
4.3 The Four Possible Double Wall Carbon Nanotube Configurations ...... 69
4.3.1 Semiconducting Inner Tube with Metallic Outer Tube (SAM) . . . . 69
4.3.2 Metallic Inner Tube with Semiconducting Inner Tube (M©S) . . . . 73
4.3.3 Semiconducting Inner with Semiconducting Inner Tube (SAS) ... 75
4.3.4 Metallic Inner with Metallic Outer Tube (M@M) . . . . . . . . . . . 77
4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5 Wall to Wall Stress Induced on (6,5) Semiconducting Nanotubes by En-
capsulation in Metallic Outer Tubes of Different Diameters: A Reso-
nant Raman Study of Individual C60-derived Double Walled Carbon Nan-
otubes 81
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
5.2 Experimental Details .............................. . 83
5.3 Bundled C60-DWNTs ....... .............................. 85
5.4 Individual C60-DW NTs ............................ . 86
5.4.1 Dependence of WG- on the Inner Tube WRBM and the Wall to Wall
Distance ........ .................................. 90
5.4.2 Dependence of WD on the Inner Tube WRBM and the Wall to Wall
Distance ........ .................................. 93
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
6 Comparative Raman Spectroscopy Study of Chemical Vapor Deposition
and Peapod Derived Bundled and Individual Double Wall Carbon Nan-
otubes 95
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
6.2 Experimental Details .............................. . 97
6.3 R esults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
6.3.1 The RBM from Individual C60-DWNTs .................... 102
6.3.2 The G-band from CVD-DWNT and C60-DWNT bundles ...... 105
6.3.3 The G'-band from CVD-DWNT and C60-DWNT bundles ...... 108
6.4 Conclusions ........ .................................... 110
7 Conclusions 113

List of Figures
2-1 The unit cell of a (4,2) nanotube. . . . . . . . . . . . . . . . . . . . . . . . . 22
2-2 First Brillouin zone of a single sheet of 2D graphite. . . . . . . . . . . . . . 23
2-3 Constant energy surfaces at the first Brillouin zone of 2D graphite. . . . . . 25
2-4 The phonon dispersion relations of a graphene sheet according to the basic
force constant model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2-5 The phonon dispersion relations of a (4,2) nanotube . . . . . . . . . . . . . 27
2-6 The four possible one-phonon, second-order double resonance Raman pro-
cesses that give rise to the D-band. . . . . . . . . . . . . . . . . . . . . . . . 30
2-7 The first Brillouin zone of 2D graphene presenting the G' generation process
through the emission of an iTO phonon along the I-K-M-K'-F direction. . . 32
2-8 The Raman spectrum from a bundle of CVD-derived double wall carbon
nanotubes........ ..................................... 33
3-1 High resolution TEM images of undoped DWNTs . . . . . . . . . . . . . . . 38
3-2 High resolution TEM images of boron-doped DWNTs . . . . . . . . . . . . 39
3-3 Kataura plot used to determine the metallic or semiconducting nature of the
inner and outer tubes of DWNTs . . . . . . . . . . . . . . . . . . . . . . . . 41
3-4 The RBM region of the Raman spectra of undoped DWNTs taken with
Ease,= 1.58 eV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
3-5 The RBM region of the Raman spectra of boron-doped DWNTs taken with
(a) Elase,=1.58 eV and (c) Ease, =2.41 eV for samples exposed to various
heat treatment temperatures. . . . . . . . . . . . . . . . . . . . . . . . . . . 44
3-6 Raman spectra showing the D-band (shaded region) of (a) undoped and (b)
boron-doped DWNTs taken with Elase,=1.5 8 eV at various Thtt values. . . 47
3-7 The I/IG ratio values of the D-band feature as a function of heat treatment
temperature ('C) for undoped and boron-doped samples for various values
of E laser. . . - . . - - - - - - - - - - - - - - - - - - - - . . . . . . . . . . . 48
3-8 The Raman spectra showing the two Lorentzian peaks used to fit the D-band
of DWNT samples that were heat treated at Thtt=1500'C . . . . . . . . . . 50
3-9 The G-band region of the Raman spectra of boron-doped DWNTs . . . . . 54
3-10 The G'-band region of the Raman spectra of undoped and boron-doped
DWNT samples for different Thtt. . . . . . . . . . . . . . . . . . . . . . . . . 61
3-11 Four-component lineshape analysis for the G'-band region of the Raman spec-
tra of DW NTs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
4-1 An e-beam fabricated Au grid used to record the location of isolated DWNTs 68
4-2 The Kataura plot used to probe the M or S tubes of a S@M DWNT . . . 70
4-3 The Raman spectrum of the same isolated M@S DWNT using Eiaser = 2.33
eV.................................................. 74
4-4 The RBM resonance window of the inner and the outer tubes of the same
D W N T . . . . . . .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
4-5 The Raman spectra of the same isolated S©S DWNT for five closely spaced
E laser values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5-1 HRTEM and PL of C60-DWNTs produced by heat treating peapods . . . . 84
5-2 Raman spectra for the RBM region for CVD-DWNT and C60-DWNT bundles 87
5-3 Kataura plot of the resonant transition energies vs. RBM frequencies for
SWNTs based on the extended tight binding model. . . . . . . . . . . . . . 89
5-4 The Raman spectra corresponding to five different DWNTs whose inner and
outer walls are simultaneously in resonance with the same laser line . . . . 91
5-5 The correlation between the WRBM of the inner and outer tubes of the same
C60-DW NT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
6-1 Experimental contour Raman maps of the RBM region from (a) CVD-DWNTs
and (b) C60-DW NTs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
6-2 Best fit to the experimental WRBM vs dt data points from the inner tubes of
D W N T s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 101
6-3 The IRBM Vs- WRBM for (a) CVD-DWNT bundles and (b) C60-DWNT bundles 103
6-4 The IRBM Vs- WRBM from CVD-DWNT bundles, C60-DWNT bundles and
five individual C60-DWNTs ...... ........................... 104
6-5 Raman G-band intensity IG vs. WG from CVD-DWNT bundles and C60-
DWNT bundles . ...... ................................. 107
6-6 The IG vs. WG' from CVD-DWNT bundles and C60-DWNT bundles .... 111

List of Tables
3.1 D-band doublet parameters from undoped and B-doped DWNT samples that
were heat treated at Thtt=1500'C. The ID, IG, IDL, and IDH values corre-
spond to the integrated area of the Lorentzian peaks that were fitted to the
D-band and G-band spectral regions after choosing adequate linear baselines
(see Fig. 3-8). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2 The G'-band dispersion values from pristine (no boron doping and no Thtt)
and B-doped DWNT samples that were heat treated at Thtt=1400'C and
Thtt= 16000 C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
6.1 The (n,m) index and dt with corresponding experimental WRBM from the
inner tubes of CVD-DWNTs (top) and C6o-DWNTs (bottom). A horizontal
line separates CVD-DWNTs (top) from Co-DWNTs (bottom). The Elaser
column denotes the laser energy at which the wRBM was measured (See
Fig. 6-2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 99

Chapter 1
Introduction
Over the past two decades carbon nanotubes have raised significant scientific interest be-
cause of their unusual physical, chemical and electronic properties [1, 2]. A single wall
carbon nanotube (SWNT) is formed by seamlessly rolling a single layer of graphene into
a hollow cylinder [3]. The high strength of the carbon-carbon bond, combined with the
hexagonal structure of a graphene layer [4] and the small nanotube diameters (< 2nm), re-
sult in carbon nanotubes being quasi-one dimensional materials that combine the quantum
mechanical properties characteristic of single molecules with certain properties of bulk ma-
terials. In this context, the electron and phonon transport properties of carbon nanotubes
stem from those of their parent material -graphite- but also depend on the nanotube's di-
ameter, length, chirality and on whether transport phenomena occur along the axial or
circumferential directions of the carbon nanotube [1]. High tensile strengths [5] and current
carrying capabilities [6] along with chemical stability and possibly good biological compat-
ibility [7] are also characteristic of carbon nanotubes.
A carbon nanotube can have more than one layer and can be constituted by two or
more concentric tubes with increasing diameters. Synthetic methods capable of producing
large amounts of multiwalled carbon nanotubes (MWNTs) have been developed and their
properties have been widely studied and compared to SWNTs [8]. However, controlling the
number of layers that constitute a carbon nanotube remains a challenge and the fabrication
of double [9, 10] and triple wall carbon nanotubes has only been possible recently. Double
wall carbon nanotubes (DWNTs) can be fabricated by arc discharge [11], chemical vapor
deposition (CVD) [12] or by the filling of SWNTs with fullerenes and other carbon species
like ferrocene followed by thermal annealing [9]. Each fabrication method produces DWNTs
with slightly different properties. The arc discharge technique is capable of producing high
quality DWNTs but it has a low yield [11]. The CVD method consists of the catalytic de-
composition of hydrocarbons using metallic nanoparticles and is capable of producing large
scale quantities of nearly defect free DWNTs at relatively low temperatures (< 8000 C) [12].
Finally, the filling of SWNTs by fullerenes or other carbon based molecules is capable of
producing high quality inner tubes but in some cases inadequate filling of the SWNTs might
cause the inner tubes to have smaller lengths than their corresponding outer tubes [9]. The
SWNT-filling fabrication procedure requires (a) an initial oxidation process to open the
capped ends of the SWNT precursor material, (b) a step to fill the SWNTs with fullerenes,
and (c) a high temperature (>1200'C) annealing step to coalesce the fullerenes inside the
SWNTs and to form the second inner tube.
1.0.1 Why Double Walled Carbon Nanotubes?
Double walled carbon nanotube are of scientific interest because they represent the simplest
system in which to study intertube interactions in carbon nanotubes. The inner and outer
tubes of a DWNT can be either metallic (M) or semiconducting (S), so that four differ-
ent configurations of DWNTs are possible (M@M, SAS, M@S, S©M). The properties of a
DWNT stem from a superposition of the properties of its inner and outer tubes. There-
fore, the properties of each of the four DWNT configurations are expected to be different.
Furthermore, the wall to wall (wtw) distance, which is defined as the spacing between the
inner and outer tubes, can vary and affect the behavior of a DWNT by changing the degree
of intertube interaction [13].
From a technological point of view, DWNTs are important because they have the useful
properties characteristic of SWNTs with the added benefits of having higher stiffness and
tensile strength and being able to withstand higher temperatures. For instance, when
performing thermal gravimetric analysis (TGA) in a mixture of argon and 1% oxygen,
DWNTs oxidize at 720'C while SWNTs oxidize at 514'C [2]. In a pure Argon atmosphere,
DWNTs are capable of withstanding heat treatments at up to 20000C [14, 15]. Furthermore,
the coaxial structure of DWNTs enables the independent doping or functionalization of
its inner and/or outer tube constituents [16]. Certain applications may require the outer
tube of a DWNT to be functionalized while preserving the intrinsic properties of its inner
tube, which remains physically protected from the exterior environment. The creation of
DWNT heterostructures where the inner nanotube is formed by non-carbon atoms and is
shielded by an outer carbon nanotube may also be possible. In summary, the possibility
of combining and modifying the inner and outer tubes of DWNTs offers a wide variety of
configurations whose properties are of scientific and technological importance across many
fields of knowledge and offer opportunities for applications.
1.0.2 The Importance of Raman Spectroscopy Measurements at the In-
dividual DWNT Level
Raman spectroscopy is an invaluable tool to study the electronic, vibrational and optical
properties of carbon nanotubes in a non-destructive way. Since carbon nanotubes are one-
dimentional structures, their electronic and phonon states are quantum confined to the so
called van Hove singularities [1]. When the energy of an incoming photon matches the
energy difference between the van Hove singularities of a carbon nanotube, a resonance
effect occurs and certain photophysical processes become observable even at the single
nanotube level. Since the energy difference between van Hove singularities depends on each
nanotube's structure, Raman spectroscopy provides a powerful nanotube characterization
tool that allows for tunning of the laser excitation energy to find resonance with the optical
transitions of selected carbon nanotubes [17]. Of particular importance to the study of
DWNTs is the radial breathing mode (RBM) because its frequency is inversely proportional
to the nanotube diameter. Thus, the Raman spectra of DWNT bundles presents two groups
of distinguishable RBM peaks, one at low frequencies from the large diameter outer tubes
and another at high frequencies corresponding to the inner tubes [9]. Other Raman modes
such as the tangential G-band modes and the second order modes do not have such a strong
dependence on nanotube diameter and the signal from the inner and outer tubes of the same
DWNT often overlap [18]. Nevertheless, important information such as charge transfer and
doping levels can be derived from the behavior of these Raman modes in DWNTs.
Most of the studies in DWNTs have been performed in bundles that contain a mixture
of DWNTs with all four of the configurations listed above [9, 19, 20, 14]. The analysis
of the Raman spectra from DWNT bundles is inherently limited because their spectra
contains contributions from all the DWNT configurations present in the sample. In order
to study DWNTs with a known configuration, tunable Raman experiments at the individual
DWNT nanotube level, capable of finding Raman resonances with both the inner and outer
tubes of the same DWNT, are necessary. Furthermore, when working at the individual
nanotube level, undesired bundling effects are eliminated. In this thesis we report a reliable
technique that combines tunable Raman spectroscopy with Raman mapping procedures and
electron beam lithography to enable the acquisition of Raman spectra from the individual
constituents of the same isolated DWNT.
1.0.3 Thesis Outline
This thesis is organized as follows. In Chapter 2 the relationship between the geometrical
structure of carbon nanotubes and their electronic and vibrational properties are intro-
duced. The origins of the Raman radial breathing mode (RBM), D-band, G-band and
G'-bands and the relationship of their lineshape characteristics to nanotube chirality and
diameter are reviewed. Chapter 3 discusses Raman spectroscopy experiments on undoped
and boron-doped CVD-derived (chemical vapor deposition) DWNT bundles that exhibit
the "coalescence inducing mode" (CIM) as the DWNTs are heat treated at temperatures
between 1200*C and 2000'C. From Chapter 3 we learn that boron doping decreases the coa-
lescence temperature of DWNTs. In Chapter 4 we report, for the first time, detailed Raman
spectroscopy experiments carried out on individual DWNTs, where the contributions from
both concentric tubes from the same DWNT are measured under resonance conditions.
From Chapter 4 we also learn that it is possible to find Raman resonance with the inner
and outer tubes of the same isolated DWNT. In Chapter 5, we report measurements of
resonant Raman scattering from 11 individual C60-derived DWNTs all having the same
inner semiconducting (6,5) tubes and various outer metallic tubes. From this chapter we
learn that an increase in the RBM frequency of the inner tubes is related to an increase in
the RBM frequency of the outer tubes. In Chapter 6 we use 40 laser excitation energies to
analyze the differences between the Raman spectra from chemical vapor deposition-derived
DWNT bundles (CVD-DWNT), fullerene-derived DWNT bundles (C60-DWNT) and indi-
vidual fullerene-derived DWNT with inner type I and type II semiconducting tubes paired
with outer metallic tubes. From this chapter we learn that in DWNT bundles, the line-
shape of the G-band is not only dependent on the sample's diameter distribution but also
on its DWNT M/S configuration distributions. Finally, the last chapter presents the overall
conclusions and provides suggestions for future research on DWNTs.
Chapter 2
Carbon Nanotubes
A single walled carbon nanotube (SWNT) is a graphene sheet that has been seamlessly rolled
to form a cylinder whose ends can be either open or capped with a fullerene hemisphere [3].
Carbon nanotubes can have different lengths, diameters, chiralities and multiple concentric
layers. The structure of carbon nanotubes is described by adding boundary layer modifica-
tions to existing theoretical models for a single layer of graphene with a hexagonal lattice [1].
This chapter provides an introduction to the geometrical structure of carbon nanotubes and
the relation of their structure to their electronic and vibrational properties.
2.1 Geometrical Structure
A single walled carbon nanotube (SWNT) is formed by a graphene mono-layer that has been
seamlessly rolled to form a cylinder [3]. The angle 0 with which a graphene mono-layer is
rolled to make a nanotube (see Fig. 2-1), determines the orientation of the six-membered
carbon rings with respect to the nanotube axis and defines the nanotube's chirality [1].
Figure 2-1 shows a schematic representation of a graphene layer that can be rolled in a
variety of ways to construct nanotubes with different diameters (dt) and chiralities (0). The
vectors ai and a are the unit vectors in real space and can be expressed as
5a - s a
a= 2 2 a2 2 2 (2.1)
where a= dj I=d= 1.42-/5 = 2.46A is the lattice constant of a single graphene layer.
The points B, B', 0 and A are all crystallographically equivalent locations and denote
Figure 2-1: An unrolled 2D graphene sheet where the rectangle formed by the points OAB'B
denotes the unit cell of a (4,2) nanotube. The translational vector T points along the
nanotube axis and the chiral vector Ch points in the circumferential direction at an angle
8 with the unit vector di. Adapted from [17].
the unit cell of a (4,2) nanotube that is formed when the points B and B' (and 0 and A)
coincide with each other. The chiral vector C points in a direction perpendicular to the
nanotube axis while its length IChI defines the nanotube diameter (dt) through IChI= -r-dt.
The angle of Ch with respect to the real space unit vector di defines the nanotube's chiral
angle (8). The chiral vector CN can be expressed in terms of the real space unit vectors (di
and d') of a graphene hexagonal lattice as:
=nd + md' = (n, m) (2.2)
where n and m are integers and 0 <| m <I n.
Along the axial direction of the nanotube, the shortest repeat distance is defined by the
translational vector :
S=t i dj+ t2i (ti,t2 ) (2.3)
where tl=(2m+n)/dR and t2=-(2n+m)/dR and dR is the greatest common divisor of (2n+m,
2m+n) given by:
d { d if (n-m) is not a multiple of 3d
3d if (n-m) is a multiple of 3d.
The magnitude of the translational vector can be expressed as:
| T |=P = VUh/dR (2.4)
In a double walled carbon nanotube, the inner and outer tubes have their own chiral
(dh,inner) Oh,outer) and translational vectors (Tinner, Pouter) which define their respective
diameters (dt,inner, dt,outer) and the spacing between the walls of the two tubes. The struc-
tures of two concentric nanotubes are unlikely to be commensurate because as dt increases,
the scaling of the chiral vector differs from the scaling of the translational vector. In the
unlikely event that two concentric tubes were commensurate, the ratio Tinner/Touter must
be equal to unity. Moreover, Tinner/Touter=1 is only true for (a) two co-axial achiral nan-
otubes with (ni,mi), Tinner = a and (n 2 ,m2), Touter = a and (b) for two coaxial zigzag
nanotubes with (ni,0), Tinner = v/a and (72,0), Touter = v5a. The lattice constant along
the DWNT axis for the rest of the possible inner/outer tube combinations does not have a
1 to 1 commensurate ratio and represents the vast majority of the DWNTs that are probed
experimentally and are discussed in this thesis.
2.2 Electronic Structure
The electronic structure of an (n,m) carbon nanotube can be approximated by adding
boundary layer restrictions to graphene, its parent material. Figure 2-2(a) shows the first
Brillouin zone of a single layer of graphene, along with its high symmetry points F, K and
M and the reciprocal lattice vectors bi and b2 where
b1
-M -13 \ F
k. k
b K2 bx b2
Figure 2-2: (a) First Brillouin zone of a single sheet of 2D graphite showing the high
symmetry points F, K and M and the reciprocal lattice vectors bi and b2. (b) The cutting
lines of a (4,2) SWNT (28 parallel and equidistant cutting lines) are superimposed on the
reciprocal space of a single sheet of 2D graphite. Adapted from [17].
b1 = - b2 =.(2.5 )S v3a' a v/Sa' a
The counterparts of a nanotube's dh and -P vectors in real space are vectors 9 1 and
92 in reciprocal space (See Fig. 2-2) which satisfy the relations
dh - le1 = 27, YP - 71 = 0, dh - 92 = 0, - l2 = 27r, (2.6)
and can be expressed as
1= (-t 2 b + tlib), 92 = -(-mbi + nb), (2.7)N N
where N is the number of hexagons in the nanotube unit cell and is defined as:
N = 2(m 2 + n2 + nm)/dR. (2.8)
In Fig. 2-2(b), vectors 7e1 and l 2 are shown as equidistant parallel lines (also known as
cutting lines) placed on top of the reciprocal space of a single two dimensional graphite layer.
Along the nanotube axis, which is the direction of 72, wave vectors are continuous because
the T vector has translational symmetry. However, along the circumferential direction of
the nanotube, quantum confinement gives rise to N wave vectors pfi(y = 0, ..., N - 1).
The cutting lines of a carbon nanotube can be translated to the first Brillouin zone of 2D
graphite where they cut through its electronic constant energy surfaces (See Fig. 2-3(a)) and
generate the nanotube's N one-dimensional energy dispersion relations (see Fig. 2-3(b)).
The energy dispersion relations of each (n,m) nanotube are unique because the distance
between cutting lines and their direction depends on nanotube diameter (|ie1 I = 2/dt) and
chiral angle (0) respectively.
If the cutting line of a certain (n,m) nanotube cuts through the K point of the 2D
graphite Brillouin zone, where the valence and conduction bands touch, the resulting one
dimensional energy band has a zero energy gap and the nanotube is metallic. Alternatively,
if the cutting line does not pass through a K point, the nanotube has a finite energy band
gap and shows semiconducting behavior. The condition for a nanotube to be metallic is
that (2n+m) be a multiple of 3.
From the energy dispersion relations of an (n,m) nanotube, one can calculate its corre-
sponding density of electionic states and find that the electronic states of a nanotube are
concentrated within narrow energy regions known as van Hove singularities (See Fig. 2-
3(c)). When an incoming photon has an energy that matches the energy difference between
two van Hove singularities (one lower occupied state and one higher unoccupied state), the
optical absorption and emission processes show a sharp increase in intensity.
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Figure 2-3: (a) Constant energy surfaces at the first Brillouin zone of 2D graphite. The lines
connected by dots represent nanotube cutting lines that have been translated to the first
Brillouin zone. The dots mark the connections between cutting lines. (b) One dimensional
energy dispersion relations of a carbon nanotube obtained by using its cutting lines to
slice through the constant energy surfaces of 2D graphite. (c) Density of electronic states
corresponding to a (4,2) carbon nanotube where each peak corresponds to a different van
Hove Singularity. Adapted from [17].
2.3 Phonon Structure
The phonon dispersion relations of a carbon nanotube can be obtained from the phonon
dispersion relations of graphene by following a zone folding procedure similar to that used to
obtain a nanotube's one-dimensional electronic dispersion relations [21]. Since inter-planar
interactions in 3D graphite are weak, the phonon dispersion relations of 3D graphite provide
a good first approximation to the dispersion relations of a single layer of graphene. The
unit cell of graphene contains two carbon atoms, each with three degrees of freedom, which
give rise to six phonon dispersion curves. Figure 2-4(a) shows the six phonon dispersion
relations of graphene according to the basic force-constant model where the force constants
were obtained by fitting experimental results obtained from inelastic x-ray scattering (IXS)
measurements from a graphite flake [22]. The six graphene dispersion curves are plotted in
Figure 2-4(b) along the high-symmetry directions in the first Brillouin zone and correspond
to an out-of-plane transverse acoustic mode (oTA), an in-plane transverse acoustic mode
(iTA), a longitudinal acoustic mode (LA), an out-of-plane transverse optic mode (oTO), an
in-plane transverse optic mode (iTO), and a longitudinal optic mode (LO).
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Figure 2-4: (a) The phonon dispersion relations of a graphene sheet according to the basic
force constant model [23, 24]. (b) The phonon dispersion relations of a graphene sheet along
the high symmetry directions F-M, M-K and K-F (See Fig.2-2). Adapted from [17].
The one-dimensional phonon dispersion relations (w (k)) of an (n,m) carbon nanotube
(See Fig. 2-5(b)) can be obtained by superimposing the nanotube's cutting lines on the 2D
phonon dispersion surfaces of graphene (See Figs. 2-5(a)). The phonon dispersion relations
of a carbon nanotube are given by:
W1D (k) =x2D (k +pi) (2.9)
where r denotes the six graphene phonon branches (r = 1, ..., 6), k is a one-dimensional
wave vector (-g < k < -), p is the angular momentum (p = 0,..., N - 1)), K 2 is
the reciprocal lattice vector along the nanotube axis, K 1 is the reciprocal lattice vector in
the circumferential direction, and T is the translational vector [21]. A nanotube has 6N
phonon dispersion relations because its unit cell contains 2N carbon atoms each with three
degrees of freedom. However, mode degeneracies reduce the final number of distinct phonon
branches. Figures 2-5(b) and (c) show the one dimensional phonon dispersion relations of
a (4,2) carbon nanotube and its corresponding phonon density of states which shows the
sharp van Hove singularities characteristic of 1D systems [23].
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Figure 2-5: (a) The phonon dispersion relations of a graphene sheet according to the sim-
ple tight binding model (STB) [23]. The solid lines represent the cutting lines of a (4,2)
nanotube. (b) The phonon dispersion relations of a (4,2) nanotube that result from slicing
the phonon dispersion relations of graphene with the nanotube's cutting lines. The phonon
wave vector is expressed in terms of the nanotube's translational vector T. (c) The phonon
density of states of a (4,2) nanotube presenting van Hove singularities. Adapted from [23].
2.4 Raman spectroscopy of Carbon Nanotubes
Raman spectroscopy has proven to be an effective and non-invasive tool to obtain experimen-
tal information about the electronic and vibrational properties of carbon nanotubes [17, 1].
When a photon is absorbed by a carbon nanotube, it excites an electron from the valence
to the conduction band. The excited electron then relaxes by emitting (or absorbing) a
phonon and recombines with a hole. When recombination occurs, a photon that is shifted
by the phonon energy is emitted. A Raman spectrum provides the experimental phonon
frequencies of a carbon nanotube by plotting the intensity of the inelastically scattered
photons as a function of their energy shift from the original excitation energy. As described
below, Raman modes in carbon nanotubes can be classified by the number of scattering
events and emitted phonons that result during electron-hole recombination.
2.4.1 First-order Raman Modes
When an electron has been excited by a photon to the conduction band, it can relax back to
its original state by emitting zero (Rayleigh scattering), one or more than one phonon before
recombining with a hole. If momentum conservation requirements are met, the first-order
Raman modes in carbon nanotubes occur when a single scattering event emits one phonon.
The radial breathing mode (RBM) and the G-band mode are the two first-order Raman
modes that provide the most information about the physical and electronic properties of a
carbon nanotube.
The Radial Breathing Mode
The RBM is generated by a coherent vibration of the carbon atoms in the nanotube's radial
direction. Since the total mass of the carbon atoms along the circumference of a nanotube
scales with diameter, the RBM frequency (WRBM) is inversely proportional to the nanotube
diameter (dt) and can be described by:
WRBM = A/dt + B (2.10)
where A is a proportionality constant related to the elastic properties of graphite and B is
an empirical constant that adjusts for environmental effects [25]. The values of A and B
vary widely across the literature mainly due to variations in the sample's interactions with
their surrounding environment. In double wall carbon nanotubes (DWNTs), the WRBM to
dt relationship is more complex than in SWNTs because additional factors like wall to wall
stresses and charge transfer can shift the WRBM [26]. Furthermore, the inner and outer
tubes of a DWNT can be metallic (M) or semiconducting (S) and therefore give rise to four
possible DWNT M/S configurations for their inner and outer tubes with different electronic
and optical properties [27].
The G-band
The G-band is an optical mode that occurs in graphite at 1582cm 1 [21]. Carbon nanotubes
(SWNTs) also show a G-band but it is split into six components due to the confinement
and symmetry-breaking effects associated with the high nanotube curvature [17]. The line
shape of the G-band can be used to determine if a nanotube is metallic or semiconducting
and its frequency is sensitive to nanotube diameter [28], and to charge transfer which is
modified by doping [18].
In particular, for semiconducting tubes, the G+ feature of the G-band is generated
when carbon atoms vibrate in the axial direction (longitudinal optic phonon mode) of
the nanotube and the G~ feature comes from atoms vibrating along the circumferential
direction of the nanotube (transverse optic phonon mode). If the excited nanotube is
metallic (semiconducting), the line shape of the G feature is expected to show a Breit-
Wigner-Fano (Lorentzian) line shape that arises from the electron-phonon interaction [29].
Finally, charge donors (acceptors) coming from dopants or impurities also modify the Breit-
Wigner-Fano line shape and can upshift (downshift) the frequency of the G+ band.
2.4.2 Second-order Raman Modes
Second-order Raman modes appear when two scattering events, such as phonon emission
or Rayleigh scattering, occur before an excited electron recombines with a hole. The D-
band and the G'-band are two of the most studied second-order Raman modes in graphite,
graphene and CNTs [17, 28, 30, 31]. For clarity, herein we explain the double resonance
Raman processes in the non-zone folded 2D Brillouin zone of a single layer of graphene.
However, keep in mind that double resonance Raman processes in carbon nanotubes are
subject to more strict selection rules because their small diameters quantize the wave vectors
of the phonon states and their chirality affects the allowed directions of the phonon wave
vectors.
The D-band
The D-band is a one-phonon, second-order double resonance Raman process that has its
origin in the combination of an elastic scattering event and the emission of one phonon [31].
Four possible intra-valley scattering processes can give rise to the D-band, depending on
the order of occurrence of the phonon emission and the elastic scattering events. The four
possible D-band generation processes are shown in Fig. 2-6 where, for example, part (a)
depicts how (1) an electron absorbs a photon at a k state, (2) scatters to a k+q state by
emitting a phonon with wave vector k, (3) scatters back elastically to a k state, and (4)
emits a photon by recombining with a hole at a state k (where k and q are the electron
and phonon wave vectors, respectively). Note that the initial and final k states can be real
or virtual states but the intermediate k+q state is always a real electronic state.
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Figure 2-6: The four possible one-phonon, second order double resonance Raman processes
that give rise to the D-band. Horizontal dashed arrows represent defect-assisted elastic
scattering. Continuous and inclined horizontal arrows represent phonon emission or ab-
sorption. Continuous vertical arrows represent electron-hole pair formation or annihilation.
Figures (a) and (b) represent resonance with the incident photon while (d) and (c) represent
resonance with the scattered photon. Adapted from [32].
Since the presence of a defect in the CNT lattice enables elastic scattering processes,
the intensity of the D-band scales with the concentration of defects within a CNT sample
and can be used as an indicator of sample crystallinity [21]. The D-band in CNTs appears
at 1345cm- 1 (for Easer = 2.33eV) and it's frequency (wD) has a nanotube diameter (dt)
dependence of the form:
WD = WO +3/dt (2.11)
where wo = 1356cn-1 is the frequency of 2D graphite using Eaer=2.41eV and 3=-16.5 [17].
Also, the D-band has a dispersion (5WD/Easer) of 50cm- 1/eV [32]. The dispersive behav-
ior of second-order Raman modes, like the D-band, occurs because as the laser excitation
energy (Eiaser) is increased, the k vector of the excited electron moves away from the K
point and the corresponding q vector increases. The fact that the D-band is dispersive,
allows for experimental probing of the CNT phonon dispersion relations. For instance, if
the electronic structure is known, a relationship between the laser excitation energy and
its corresponding phonon wave vector can be established and the Easer can be varied to
measure the energies of phonons with different wave vectors.
The G'-band
The G'-band is an overtone mode of the D-band that occurs when two in-plane transverse
optical (iTO) phonons are emitted before an excited electron recombines with a hole [32].
Since the electron can be initially excited to a real or a virtual state, there are two double
resonance processes that can give rise to the G'-band in a single layer of graphene. Figure 2-
7(a) shows the case where an electron with wave vector k is excited by Elaer to a real state
in the conduction band. The excited electron is then scattered to a k state in the K' valley
by the emission of a phonon with wave vector q and energy E,. Soon after, the electron
back scatters to a state k in the K valley by emitting a phonon with wave vector -q and
energy E,. Finally, the electron recombines with a hole and emits a photon with energy
Elaser-2Ep. In case the electron were initially excited to a virtual state, the G'-band can
still occur through resonance with the scattered photon as shown in Fig. 2-7(b). A top view
of the Brillouin zone of a 2D graphene layer (see Fig. 2-7(c)) shows that the wave vector of
the iTO phonon that gives rise to the G'-band is q=k+k' when measured from the K point
along the K-M direction [30].
Unlike the D-band, the G'-band does not involve Rayleigh scattering mechanisms and
its intensity is not related to the concentration of defects in a CNT sample. The dispersion
of the G'band in CNTs (~106cm'1/eV) is close to twice that of the D-band (~53cm-1/eV)
and it's frequency also has a nanotube diameter (dt) dependence of the form:
w = wo +,3/dt (2.12)
where wo = 2704cm- 1 is the frequency of monolayer graphene using Eiaser= 2.4 1eV and
3=-35.4 [17].
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Figure 2-7: The valence and conduction electron bands of 2D graphene cut along the K-
M-K' direction show two possible G'-band generation processes where Eaae, is resonant
with (a) a real state and (b) a virtual state. (c) Top view of the first Brillouin zone of 2D
graphene presenting the G'-band generation process through the emission of an iTO phonon
along the r-K-M-K'-r direction. The "triangular shaped circles" indicate that the constant
energy contours are not perfectly symmetric around the K point due to the trigonal warping
effect. When the phonon wave vector q is translated to the F point, its distance from the
K point is q=k+k'. Adapted from [30].
2.5 Summary
The electronic and vibrational properties of carbon nanotubes are highly dependent on the
nanotube's geometrical structure which is defined by its (n,m) index. Raman spectroscopy is
a non-destructive characterization tool capable of determining the (n,m) index of a carbon
nanotube by probing its vibrational and electronic structure. A single Raman spectrum
(see Fig. 2-8 for an illustration of a typical Raman spectrum from double wall carbon
nanotube bundles) can provide a wealth of information about a nanotube, such as its
diameter (RBM), defect concentration (D-band), metallicity (G-band) and doping level
(G-band). Furthermore, if the laser excitation energy is varied, the double resonance modes
(D-band and G'-band) can be used to measure the phonon energy hw(q) along the phonon
dispersion relations.
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Figure 2-8: The Raman spectrum from a bundle of double wall carbon nanotubes (synthe-
sized by chemical vapor deposition) showing labels for the radial breathing modes (RBMs),
intermediate frequency modes (IFMs), D-band mode (D), tangential G-band modes (G), M
band (M), and double resonant G'-mode (G'). The IFMs are combination modes and the
M band is an overtone of the oTO mode.

Chapter 3
Heat-Treated and Boron-Doped
CVD-derived Double Walled
Carbon Nanotube Bundles
In this chapter we discuss Raman spectroscopy experiments on undoped and boron-doped
CVD-derived (chemical vapor deposition) double walled carbon nanotube bundles that ex-
hibit the "coalescence inducing mode" (CIM) as they are heat treated at temperatures be-
tween 1200 C and 2000 C. The fact that boron doping promotes DWNT coalescence at lower
temperatures allowed us to study in greater detail the behavior of first-order and second-order
Raman modes as a function of temperature with regard to the coalescence process. Further-
more, by using various excitation laser energies we probed DWNTs with different metallic
(M) and semiconducting (S) inner and outer tubes. We find from the observed Raman spec-
tra that regardless of their M and S configurations, the smaller diameter nanotubes disappear
at a faster rate than their larger diameter counterparts as the heat treatment temperature
is increased. We also observe that the frequency of the G-band is mostly determined by the
diameter of the semiconducting tube of those DWNTs that are in resonance with the laser
excitation energy. Finally, we explain the contributions to the G'-band from the inner and
outer tubes of a DWNT.
3.1 Introduction
The geometrical and electronic properties of carbon nanotubes are dependent on nanotube
diameter, chirality, and on the number of concentric tubes [1]. Adding concentric tubes to a
single wall carbon nanotube gives rise to charge transfer mechanisms [33] and also enhances
its chemical, mechanical and thermal stability [34]. Since double wall carbon nanotubes
(DWNTs) can possess desirable electrical properties characteristic of single wall carbon
nanotubes (SWNTs) while being more mechanically robust, they are good candidates for
building blocks in electronic devices where relatively large amounts of energy need to be
transferred without compromising the lifetime of the device [35]. In this context, besides
controlling the length and diameter of carbon nanotubes, numerous attempts have been
made to control the number of tubes in CNTs and to fabricate high quality DWNTs [9, 10,
36, 37].
In this chapter we study a DWNT material where previous Raman spectroscopy studies
have revealed the presence of the "coalescence-inducing mode" (CIM) [14]. The CIM has
been identified as a novel resonant Raman mode related to the vibration of one-dimensional
carbon chains (about 3-5 atoms long) that are created in DWNTs by heat treatment. The
observation of these linear carbon chains by Raman spectroscopy was correlated with the
coalescence of the DWNTs, as observed by complementary high resolution TEM measure-
ments. In this early study [14], Raman spectra for these DWNTs were only studied at
2.33eV. In this thesis work we carried out a detailed study of the comparison in behavior
between undoped and boron-doped samples with regard to heat treatment to various tem-
peratures, in general, and with regard to further exploration of what Raman spectroscopy
tells us about the role of boron in the coalescence process of DWNTs. Special emphasis is
given to whether the inner and outer walls are metallic (M) or semiconducting (S).
3.2 Experimental Procedures
A chemical vapor deposition (CVD) method was used to synthesize the double walled carbon
nanotubes used in this study [10]. The buckypaper made with the resulting DWNTs is
extremely flexible, macroscopic, and its high purity relative to residual catalyst particles
has been confirmed by diamagnetic susceptibility experiments [10, 38]. Its purity relative
to the presence of SWNTs (single wall carbon nanotubes) has been probed by Raman
spectroscopy [39]. In order to dope the DWNTs with boron and to study the effect of
boron doping on DWNT coalescence, elemental boron was mixed (0.05 wt %) with the
highly purified DWNTs and thermally annealed at various temperatures (Thtt) between
1000 and 2000'C for 30 minutes in a high purity argon atmosphere. Since the DWNTs
are doped with elemental boron and all the heat treatments are performed in an argon
atmosphere, we only expect to have partial substitutional reactions where only a small
fraction of carbon atoms in the CNT lattice are substituted by B atoms. Two batches
of samples were fabricated using the same synthesis method but on different experimental
runs. The first batch contains three samples that we used for undoped experiments [Pristine,
Thtt=1500, Thtt = 2000'C] (See Fig. 3-1) and the second batch contains nine samples that
we used for B-doping experiments [Pristine, Thtt=1200, Thtt=1300, Thtt=14 00 , Thtt=150 0 ,
Thtt=1600, Thtt=17 0 0 , Thtt=1800, Thtt=2000'C] (See Fig. 3-2). In this chapter the word
"pristine" indicates no boron doping and no heat treatment. Two different pristine samples
were used in this study, neither of which have been heat treated (since their synthesis) nor
were they boron doped. These samples were both considered as standards against which the
spectra for the boron-doped and heat treated samples were compared, as appropriate. The
DWNT synthesis and heat treatments were performed by our collaborators in the group of
Professor M. Endo at Shinshu University, Japan.
Resonance Raman spectra with three different excitation laser energies Elaser were taken
on the macroscopic mats of the buckypaper described above. Every Raman measurement
was conducted at room temperature and the laser power levels were kept below 0.5mW
to avoid excessive heating. A 10OX objective lens was used to focus the laser beam on a
spot within a 1pm diameter region and the acquisition times were varied from 5 seconds
to 1 minute depending on how strong the Raman signal was. Scattered light was collected
through the 1OOX objective using a backscattering geometry. An Ar+ ion laser was used
to generate Eiaser= 2 .4 1eV, a dye laser containing Rhodamine 6G dye was pumped by an
Ar+ ion laser to generate Elaser=1.92eV and a Kr+ ion laser generated Easer=1.58eV. A
thermoelectrically-cooled Si CCD (charge coupled device) detector operated at -75*C was
used to collect spectra. Every spectrum was normalized to the intensity of the G-band
and line shape analyses were performed using linear baselines and Lorentzian functions to
describe the lineshapes.
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Figure 3-1: High resolution TEM images of undoped DWNT bundles that were subject to
(a) no heat treatment and heat treatment at (b) Thtt = 1500'C and (c) Thtt = 2000'C.
The DWNT bundles show hexagonal packing and the structure of the inner and outer tubes
remains stable after heat treatment. Images courtesy of M. Endo [10].
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Figure 3-2: High resolution TEM images of DWNT bundles that were heat treated in the
presence of boron in an argon atmosphere at increasing heat treatment temperatures. The
DWNTs remain undamaged at (a) Thtt = 1200'C and (b) Thtt = 1300'C. The onset of
nanotube coalescence can be observed at (c) Thtt = 1500'C and (d) Thtt = 1600'C. The
non-nanotube structures formed by high heat treatment at high temperatures is shown in
(e) Thtt = 2000'C and (f) Thtt = 2000'C. Images courtesy of M. Endo [14].
3.3 Results and Discussion
3.3.1 The Diameter Distribution and Metallic/Semiconducting Nature of
the Resonantly Excited Tubes of DWNTs
Double wall carbon nanotubes can consist of any of the four S@S, S@M, M@S, or M©M
configurations, where SAM denotes, for example, a semiconducting (S) inner tube within
a metallic (M) outer tube. The Easer used to excite different DWNT configurations are
marked with horizontal lines on a theoretical Kataura plot based on the extended tight-
binding (ETB) model (See Fig. 3-3) [40, 41]. Similarly, the vertical shaded regions indicate
the diameter distribution of the inner and outer tubes in our DWNT samples. Such a
Kataura plot, based on prior studies on SWNTs, is accurate enough for the qualitative
identification of the (n,m) for small diameter tubes within DWNTs. At present there is no
Kataura plot available for DWNTs.
By comparing the information provided by the theoretical Kataura plot [40] with our
experimental results, we know that the inner tubes that are in resonance with Eiaser=2 .4 1
eV are M tubes with Eff transitions, while most of the outer tubes that are in resonance
with Elaser= 2 .4 1 eV are S tubes with ES transitions. The corresponding inner and outer
tube diameters (dt) that are expected to be in resonance with Elaser=2 .4 1 eV are 0.87 nm
and 1.4 nm, respectively, based on the relation WRBM= 218.3/dt + 15.9 [14], where wRBM
is in units of cm- 1 .
On the other hand, if the sample is excited with Eiaser =1.58 eV, the nanotubes that
are in resonance are those whose inner (outer) tubes are S (M) with dt ~~0.82 nm (1.56 nm).
However, the actual inner (outer) tube configurations present in the sample include all four
of the possibilities mentioned above. Therefore, the inner S tubes that are in resonance
with a given laser energy may also have outer M or S tubes that may be in resonance with
the same laser line, but with a much higher probability that the outer tube forming a given
DWNT will not be in resonance with that Elaser. Moreover, likewise for an inner resonant
M tube, its outer tube can be an S or M tube that in general will not be in resonance
with the same Elaser as the inner tube. In this chapter all the Raman experiments were
performed on DWNT bundles. As presented in the following chapter, it is only by carrying
out systematic studies at the individual DWNT level using multiple laser lines that the
explicit correlation between the inner and outer tubes of the M@S, SAM, S©S and M@M
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Figure 3-3: Kataura plot used to determine the metallic or semiconducting nature of the
inner and outer tubes of DWNTs in resonance with the laser energies (horizontal lines) used
in this chapter. The relevant p=2n+m families are marked. Each star on the plot represents
a Raman frequency where the RBM intensity is found to be strong experimentally. The
Kataura plot is calculated within the ETB framework including the many-body corrections
fitted to the RRS data from SDS-wrapped HiPCO SWNTs [40, 41].
configurations can be studied in detail [27].
The (n,m) integers that define the particular structure of a carbon nanotube have been
assigned to each nanotube group present in our pristine DWNT (undoped and without heat
treatment) sample by relating the measured WRBM to the theoretical Kataura plot (See
Fig. 3-3). Our (n,m) assignments for the strongest RBM peaks [(8,5) tubes for Eiaser=2.41
eV and (11,0) tubes for Eiaser=1.58 eV] are in agreement with previous Raman character-
ization studies performed on the same kind of DWNT sample by Souza Filho et al. [42].
We observed that most of the inner nanotubes present in the DWNT samples when using
Elaser=2.41 eV and Elase,=1.58 eV, respectively, belong to the families p=21 containing the
(8,5) tube and p=22 containing the (11,0) tube, where p=2n+m. If we excite the sample
with Eiaser=1. 92 eV we observe seven RBM peaks corresponding to DWNT tubes with
diameters that vary from 0.8 to 1.6 nm where the inner tubes are likely to be (7,6) and
(7,5) tubes with dt ~0.93 nm and dt ~0.80 nm, correspondingly.
3.3.2 The Radial Breathing Mode as a Function of Thtt
Undoped DWNT Samples
When undoped, our DWNT sample shows structural stability up to high Thtt (2000'C). The
Raman intensities (integrated area of a feature normalized to the integrated area of the G-
band) of the RBM features for these undoped tubes decrease with increasing Thtt (approx. a
50% decrease in intensity when going from the pristine sample to the one for Thtt=2000'C)
but these Raman intensities remain relatively high, even at Thtt=2000'C (See Fig. 3-4).
The structural stability at high Thtt (2000'C) of similar undoped DWNT samples has also
been confirmed by previous high resolution transmission electron microscopy (HRTEM) and
Raman studies [34].
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Figure 3-4: The RBM region of the Raman spectra of undoped DWNTs taken with
Elaser=1.58 eV. The relatively high intensity of the RBM signal at Thtt = 2000'C con-
firms that undoped DWNTs are able to withstand high Thtt without suffering substantial
structural damage.
For Raman spectra taken at Elaser=1.58 eV, the strongest RBM features correspond
to inner tubes (in resonance with E) that have a de 0.88 nm and to outer tubes (in
. 1 -1
resonance with Em) that have a dit ~1.55 nm. Previous HRTEM studies on this kind of
DWNT bundled sample have reported an intertube spacing of -0.34 nm [14]. Considering
an intertube spacing of 0.34±0.01 nm between the inner and outer tubes of DWNTs, it is
possible that we are exciting the inner and outer tubes of the same DWNT because 1.55
nm - 0.88 nm = 0.67 nm, which is consistent with an intertube separation of 0.34 nm. This
inner semiconducting tube could also be paired up with either an M or S outer tube with a
dt ~ 1.56 nm, and this outer tube might be in resonance with Eiaser=1.58 eV or most likely
would be outside the resonant window (equivalent to fixing a value or range of values for
the outer tube diameter and moving vertically along the Kataura plot in Fig. 3-3 to find
other tubes that are present in the sample but not in resonance with the Eiaser=1.58 eV).
The RBM measurements with Eiaser=1.58 eV reveal that tubes with diameters ranging
from -1.0 to ~1.37 nm also remain intact at temperatures as high as Thtt = 2000'C.
Measurements with Eiaser=2.41 eV give similar results, confirming the thermal stability of
the undoped DWNTs in an inert atmosphere. These results are in good agreement with
measurements at Elaser= 2 .3 3 eV in Ref. [14].
Boron-doped DWNT Samples
When compared to the pristine (undoped and not heat treated) samples, the boron-doped
DWNT samples start showing structural disorder at a lower Thtt (1400 C) than their un-
doped counterparts. Figure 3-5(a) depicts the RBM region of the spectra (using Easer =1.58
eV) from samples that were heat treated at various temperatures in the presence of ele-
mental boron. We show in this section that this effect is also found at the other Elaser
values that were investigated. Also, the behavior of the RBM Raman intensities (IRBM)
as a function of Thtt in Fig. 3-5(a), suggests that the smaller dt (S) tubes disintegrate at a
faster rate than their large diameter (M) counterparts. Other weaker RBM features [follow
the circles and triangles in 3-5(b)] corresponding to tubes with 1.0 < dt < 1.37nm, show
RBM intensities that become undetectably small at Thtt=1400'C.
Figure 3-5(b) shows that the most prominent RBM features (e.g., -267 cm- 1 and ~159
cm 1 ) correspond to inner tubes (with Es in resonance with Elaser=1.58 eV) that have
dit -0.88 nm and to outer tubes (with EM in resonance with Elaser=1.58 eV) that have
dt~1.55 nm. As discussed above for the undoped samples, it is possible that some inner
semiconducting (S) and outer metallic (M) tubes might belong to the same DWNT, both
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Figure 3-5: The RBM region of the Raman spectra of boron-doped DWNTs taken with
(a) Eiaser=1. 5 8 eV and (c) Elaser =2.41 eV for samples exposed to various heat treatment
temperatures. (b) and (d) show the frequency of the various observed RBM features (WRBM)
and their corresponding tube diameters (dt) as a function of heat treatment temperature
('C) for both undoped and boron-doped DWNT samples. The shaded regions in (b) and
(d) mark the corresponding metallic or semiconducting nature of the nanotubes according
to their location on the Kataura plot shown in Fig. 3-3. Note that the RBM signal becomes
very weak for Thtt > 1600 C indicating that most of the DWNTs in the sample have, as
has been previously observed using HRTEM [14], either coalesced or become a mixture of
complex tubular structures and of more disordered carbon constituents.
being in resonance with Easer=1.58 eV and having a wall to wall (WtW) distance of -0.34
nm. At Thtt > 1700'C, the boron-doped samples showed no RBM signal, thus indicating
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that the DWNTs were destroyed and that their carbon atoms either formed other carbon-
based structures or left the system.
It is reasonable to expect that boron doping and heat treatment might affect M and
S tubes in different ways. In order to investigate these differences, we switched the laser
excitation energy to Elase,=2 .4 1 eV (see Fig. 3-3) and excited M inner walls and S outer
walls that may or may not correspond to the same DWNTs. Figure 3-5 shows the RBM
region of the spectra thus obtained at 2.41 eV as a function of increasing Thtt for the boron-
doped samples. The same general behavior as depicted in Fig. 3-5(a) is also observed in
this case where, as Thtt increases, the small diameter tubes corresponding to inner tubes
of the DWNTs [for example, with family p=21, (8,5) for Easer=2.41 eV] disappear at a
faster rate than their large diameter counterparts, especially for 14000 < Thtt < 1600 0C.
Independent of whether the tubes are M or S, we also observe that the intensity of the RBM
first increases with Thtt as defects are annealed (Pristine to Thtt=1200 'C), it then reaches
a maximum which coincides with the appearance of the CIM [14] (Thtt=1300 and 1400 0C),
and finally the intensity decreases sharply as the tubes start to coalesce or to transform to
other carbon forms, such as noncylindrical structures (Thtt > 1500 0C).
Regardless of whether they are metallic or semiconducting (follow squares and rotated
triangles in Fig. 3-5(d)), when subjected to heat treatment, the inner tubes always tend to
disappear at Thtt between 1400 0C and 1600'C and the outer tubes disintegrate as 1600'C
is reached. Therefore, from the RBM data taken with two laser lines (1.58 and 2.41 eV)
that excite the (M inner, S outer) and (S inner, M outer) tube configurations, respectively,
we conclude that the metallic or semiconducting nature of the outer tubes of a DWNT
does not change the temperature at which the coalescence process starts. However, one
must keep in mind that the Thtt steps used for our set of heat treated samples might be
too large to detect small differences in the coalescence onset temperatures between DWNTs
with different metallicities.
3.3.3 The D-band as a Function of Thtt and Boron Doping
As for the case of the RBM feature, the behavior of the disorder-induced D-band is very
different for the undoped and the boron-doped DWNT samples, for various heat treatment
temperatures, as discussed below.
Undoped DWNT Samples
The D-band intensity is weak (ID/IG=0.1 at 2.41 eV and ID/IG=0.29 at 1.58 eV) in
the Raman spectra from the pristine (undoped) samples that did not receive any heat
treatment. This observation, along with previous scanning electron microscopy (SEM),
TEM, and magnetic susceptibility experiments [10], corroborates the good quality and high
purity of our DWNT buckypaper samples.
The pure (undoped) DWNT samples in Fig. 3-6(a) show only a weak increase in the
D-band intensity with increasing Thtt. The low D-band intensity at Thtt=2000'C (IDIIG
=0.22 at 2.41 eV and 0.39 at 1.58 eV) is consistent with the RBM results indicating that
only a small portion of the DWNTs in the sample has been transformed into non nanotube
carbon-based material. The low D-band intensity is also consistent with previous HRTEM
studies [14], concluding that in the absence of elemental boron, the structure of the DWNTs
remains relatively undamaged, even at Thtt =2000'C. Figure 3-7(a) shows the I/IG ratio
for different Elaser, showing that it is best to measure the D-band using low Elaser values
because the D-band intensity depends on Elaser as Efj3 or ELJ4 depending on the type of
sample under consideration [43, 44, 45, 46]. Thus, improved spectral resolution for studying
D-band properties is achieved when using lower Elaser values. The results of Fig. 3-7(a)
show that the D-band intensity for the undoped samples remains low for all Thtt values and
all Elaser values that were investigated.
Boron-doped DWNT Samples
By studying the D-band intensity as a function of Thtt [See Figs. 3-6(a) and (b)], we learn
that the presence of elemental boron enhances the development of structural disorder (and
thus the appearance of a more intense D-band) at lower Thtt (starting at Thtt =1500'C)
when compared to undoped samples. On the basis of the experimental results shown in
Fig. 3-6(b), the spectral behavior for the boron-doped samples with respect to Thtt can be
divided into two regimes: regime I corresponds to Thtt < 1500'C where the spectral profile is
dominated by DWNTs and regime II corresponds to Thtt >1500'C where the spectral profile
is consistent with the increasing domination by non-DWNT structures such as noncylindrical
tubules, which are seen in the HRTEM measurements previously reported [14].
Boron addition has two separate effects on DWNTs: (a) it dopes the nanotubes, chang-
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Figure 3-6: Raman spectra showing the D-band (shaded region) of (a) undoped and (b)
boron-doped DWNTs taken with Eiaser=1l.5 8 eV at various Thtt values.
ing their Fermi level and (b) it lowers the Thtt at which structural disorder starts to occur.
Since both effects occur simultaneously as Thtt increases, it is difficult to distinguish between
them and to quantify their independent contributions.
a. Regime I: Thtt < 1500 0C.
In regime I the ID/IG ratio remains low over the whole range of Ttt and no signifi-
cant changes in WD, ID IG, or the full width of half maximum (FWHMD) linewidth are
observed. The bottom half of the shaded region in Fig. 3-6(b) shows the Raman spectra
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Figure 3-7: (a) The ID/IG ratio values of the D-band feature as a function of heat treatment
temperature ('C) for undoped and boron-doped samples for various values of Elaser. The
I/IG values are calculated by integrating the area under the experimental D-band region
and dividing it by the area under the G-band region without the use of fitted baselines.
The different regimes I and II are noted (see text). (b) The laser energy dependence of
ID/IG for boron-doped DWNT samples with different heat treatment temperatures. The
solid lines show the best EM fit curves where c is a constant and a gives the power-law
dependence discussed in the text.
(using Elaser =1.58 eV) from boron-doped samples that were heat treated at Thtt=15000 C
and below. The corresponding values of the ID/IG intensity ratio of the D-band and G-
band features in this Thtt regime are plotted as a function of heat treatment temperature
(Thtt) in Fig. 3-7(a). The low D-band intensity in this regime indicates that the DWNTs in
our sample can withstand Thtt below 1500'C without major structural damage even when
doped with boron. The onset of the D-band intensity occurs at Thtt=1500'C (ID/IG=0.45)
[see Table 6.1 and Figs. 3-6(a) and 3-7(b) for a comparison between the D-band intensity
of boron-free and boron-doped DWNTs].
Table 3.1: D-band doublet parameters from undoped and B-doped DWNT samples that
were heat treated at Thtt=15000 C. The ID, 1G, IDL, and IDH values correspond to the
integrated area of the Lorentzian peaks that were fitted to the D-band and G-band spectral
regions after choosing adequate linear baselines (see Fig. 3-8).
Thtt=150 0'C ELaser(eV) ID/IG IDL/IGL FWHMDH (cm-1) FWHMDL (CM_ 1) WDH (CuM 1) WDL (CM~)
Undoped 1.58 0.3 2.2 22.08 27.45 1312.5 1292.4
B doped 1.58 0.45 1.24 25.6 26.28 1306.8 1288.5
Undoped 2.41 0.045 1.15 23.77 29.88 1351.3 1330.4
B doped 2.41 0.18 3.19 21.22 29.7 1350.9 1333.5
In order to fully characterize a DWNT one needs to know not only the (n,m) indices
of its inner and outer tubes but also the relative atomic positions of the constituents of
each tube with respect to one another. The tubes of a double wall carbon nanotube are
weakly coupled in order to minimize the total energy of the system. Therefore, the electronic
structure of a DWNT can be interpreted as the addition of two electronic structures coming
from each of its constituents with only a weak modification due to intertube interactions.
The asymmetric line shape of our D-band suggests that the spectral profile should be fitted
with two Lorentzians and the D-band has a well-documented diameter dependence [17].
Therefore we assign the origin of the lower frequency component DL and higher frequency
component DH to the inner and outer tubes, respectively. This assignment is justified
by the measurements on isolated individual DWNTs which have very weak D-bands (too
weak for line-shape analysis), but they have strong G' bands which involves the same
phonons as the D-band in a double resonance process. The experimental results for the
isolated individual DWNTs show only two peaks, both with large intensities with the lower
frequency component associated with the inner tube, and the upper frequency associated
with the outer tube [27], as discussed further in chapter V.
If DWNT coalescence is catalyzed by boron doping and if the inner tubes start disap-
pearing at a lower heat treatment temperature than the outer tubes due to their higher
curvature, it would be reasonable to expect the D-band intensity of the inner tubes DL to
be greater than that of the outer tubes DH. The same principle should apply for both un-
doped and B-doped samples at a given Thtt value but the effect would be more pronounced
for B-doped samples where the D-band intensities are higher, as can be seen by comparing
the D-band spectra for Thtt=1500'C (see Table 6.1 and Fig. 3-8).
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Figure 3-8: Raman spectra taken with Eiaser=1.58 eV and Eiaser=2.41 eV showing the
two Lorentzian peaks used to fit the D-band of DWNT samples that were heat treated at
Thtt=1500'C. For all plots the straight line marks the linear baseline used in the fitting
process.
In order to study the DH and DL spectral features we used the samples that were heat
treated at 1500'C because they are the only ones where both the intensities of the D-band
and the RBM, are large enough to allow for adequate lineshape analysis. In other words,
at Thtt=1500'C the D-band intensity is large enough for an accurate line-shape analysis to
be carried out, while there are still enough DWNTs present in our sample. This is not the
case for Thtt =1400'C where the RBM intensities are large enough to be analyzed but the
D-band intensity is too weak to be analyzed in as much detail. This is also not the case
for Thtt=1600'C where the D-band intensity is large enough to be analyzed, but most of
the DWNTs have been destroyed by the coalescence process and the RBM intensity is too
weak to analyze.
Figure 3-8 shows the decomposition of the D-band Raman spectra for a B-doped sample
with Thtt=1500'C into two Lorentzian components with the low-frequency D-band compo-
nent IDL being more intense than its high-frequency counterpart IDH for Eiaser=1.58 and
2.41 eV and the results are summarized in Table 6.1. The results show that ID/IG > 1 for
both undoped and B-doped samples at both values of Elaser. However, if we look carefully,
we observe that when using 1.58 eV (2.41 eV), the ratio ID/IG decreases (increases) with
B doping. This complex behavior is a probable indicator that different mechanisms are in
play for different DWNT configurations and this complex behavior needs to be researched
further preferably at the individual DWNT level.
Those DWNTs with an outer metallic tube (DWNTs excited with 1.58 eV) show a larger
overall intensity of the D-band (ID/IG) than those DWNTs (DWNTs excited with 2.41 eV)
that have an outer semiconducting tube. Even though the doping effect is subtle and mixed
with the Elaser dependence of ID/IG, the S or M character of the constituent tubes plays
a role in the increase of the ID/IG ratio because the metallicity (M or S) of the outer tube
affects the degree of interaction that the outer tube has with the dopant. A higher degree
of interaction of the outer tube with the dopant would imply a faster insertion of foreign
atoms into the tube wall and a greater increase in the D-band intensity at lower Thtt. From
a theoretical standpoint this increased interaction of the M outer tube with a dopant is
reasonable because the D-band intensity depends on the electron-phonon matrix element,
and metallic nanotubes have an increased carrier concentration responsible for increasing
the electron-phonon coupling.
b. Regime II: Thtt > 1500 0C.
In this Thtt regime we observe [see Figs. 3-6(b), 3-7(a), and 3-7(b)] a rapid increase in
the ID/IG intensity ratio as Thtt increases from 1600 to 2000 'C for boron-doped tubes. In
addition to the structural destabilization processes that occur for Thtt=1500'C and above,
boron appears to enter the outer tubes and gives rise to point defect disorder scattering
as suggested by structural HRTEM studies [14]. As Thtt keeps rising, increased disorder is
induced in the sample and various kinds of defects are expected to appear and accumulate.
Besides being a probe for the defect density in the sample, the ID/IG ratio may also provide
a means to estimate the dopant concentration in the boron doped DWNT samples. This
approach for sample characterization is especially valuable when the doping level is too low
to be measured by other commonly used structural characterization techniques, such as
HRTEM operating in the EELS mode [47].
The power-law dependence of the ID/IG band with varying laser energy is observed
in various sp2 carbon materials and has its origin in a dependence of the electron-photon,
electron-phonon, and elastic scattering matrix elements on Elase, [44, 45, 46]. In the 1600<
Thtt 1800'C region we observe that decreasing the laser excitation energy increases the
overall ID/IG ratios. The laser energy dependence of the IDuIG ratio for samples with
Thtt=1500'C is shown in Fig. 3-7(b). The figure also contains the best fit of the experimental
ID/IG data to the functional form cE7 , where c is a constant and a defines the power-
law dependence of ID IG as a function of Easer. The behavior of the D-band Raman
intensity as a function of Ease, depicted in Fig. 3-7 is qualitatively consistent with previous
experimental and theoretical reports on nanographite [44, 45, 46] and SWNTs [48]. In
the cited works the dominant effects of increasing the heat treatment temperature were a
reduction in the D-band intensity through an increase in crystallite size and a concomitant
elimination of defects, as opposed to the heat treatment-induced disorder that is studied in
this chapter. However, our experimental trend is similar to previous works regarding the
marked increase in the intensity of the IDuIG ratios as Elase, is decreased [45]. Whereas
Fig. 3-7(b) shows a power-law dependence of the form ID/IG=cEL, where a varies from
~-2.5 to -3 with increasing Thtt, a value of a=-4 was reported for systematic studies on
nanographite for both experiment [45] and theory [46]. Values for the magnitude of a less
than -4 and in a similar range were observed experimentally for graphitic foams where both
two-dimensional (2D) and 3D graphite regions are present [43].
3.3.4 The G-band as a Function of Thtt and Boron Doping
The G-band contains contributions from all the tubular, graphitic, and sp2 carbon material
in the sample [17]. In particular, for semiconducting tubes, the G+ feature is generated when
carbon atoms vibrate in the axial direction (LO phonon mode) of the nanotube and the G-
feature comes from atoms vibrating along the circumferential direction of the nanotube (TO
phonon mode). If the excited nanotube is metallic (semiconducting), the line shape of the
G- feature is expected to show a Breit-Wigner-Fano (Lorentzian) line shape arising from
the conduction electrons interacting with phonons. Also, the Kohn Anomaly causes a large
downshift of the LO phonon mode of metallic nanotubes [49]. Charge donors (acceptors)
coming from dopants or impurities also modify the Breit-Wigner-Fano line shape and can
upshift (downshift) the frequency of the G+ band [17]. Finally, the configuration of the M
or S tubes of a DWNT also has an effect on the details of the observed line shape of the
G-band. Taking these considerations into account, the following trends were observed in
the G-band region of the spectra as a function of Thtt and boron doping.
Undoped DWNT Samples
Figure 3-6(a) shows the G-band region of the Raman spectra of a pristine (no doping and
no heat treatment) DWNT sample taken with Eiase,=1.58 eV. The G+ feature is relatively
sharp and although the inner tubes that are excited by Elaser=1.58 eV are predominantly
semiconducting, a weak BWF tail appears in the G- region. We first discuss the G-
feature and then the G+ feature. The observed BWF line shape of the G~ feature sug-
gests a contribution coming from outer metallic tubes whose EM could be in resonance
with Eiaser=1.58 eV. Keep in mind that the inner tubes excited by Elase,=1.58 eV may
also have outer semiconducting tubes that are out of resonance with Elaser=1.58 eV. At
Thtt=20000C, the G- region loses some of its original BWF lineshape and a sharper G-
feature than the one observed in the non-heat treated sample is noticeable. If we ignore
a possible increase in the average dt due to the high Thtt, the observed change towards a
more semiconducting line shape at Thtt=2000'C could suggest that the sample's ratio of
metallic to semiconducting tubes decreases because metallic tubes might be more sensitive
to heat treatment than semiconducting nanotubes and thus more readily destroyed. The
change in the metallic/semiconducting ratio is expected to be subtle because, regardless of
their metallic or semiconducting nature, undoped tubes can withstand high heat treatment
temperatures without showing significant structural damage.
Figure 3-9(c) shows the dependence of wG+ on Thtt for undoped samples using three
different laser excitation energies. As can be appreciated from the left-hand side of Fig. 3-
9(c), the undoped DWNT samples did not show significant changes in WG+ (the FWHMG+
also remained constant) as Thtt was increased. This observation, along with the fact that
the G+ feature remains sharp at all Thtt, is yet another confirmation that, in the absence of
boron, pure DWNTs are stable under heat treatments to temperatures up to 2000 'C [14].
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Figure 3-9: (a) The G-band region of the Raman spectra of boron-doped DWNTs taken with
Elaser=1.58 eV and taken with (b) Elaser=2.41 eV. Note the presence of a distinguishable
G- feature for Thtt < 1500 'C. (c) Frequency shift of the G+ band for undoped (left) and
boron-doped (right) samples as a function of increasing Thtt. Note that Elaser=2 .4 1 eV
excites tubes whose inner wall is metallic. DWNTs whose inner wall is semiconducting
are excited when using Elaser=1.9 2 eV (circles) and Elaser=1.58 eV (triangles). Note the
-8 cm 1 offset in WG+ between the two DWNT configurations. The shaded region marks
the heat treatment temperatures where DWNTs begin disintegrating, thus resulting in
disordered carbon sp2 structures and amorphous carbon. (d) G-band frequency as a function
of Elaser from undoped DWNTs without heat treatment, showing an upshift of wG+ for the
M@S configuration relative to the S©M configuration. Our measurements probe the M
inner tubes for Elaser above 2.3 eV and the S inner tubes for Elaser below 2.3 eV.
So far we have described the behavior of the G-band as observed by using Elaser=1.5 8
eV. As previously mentioned in the RBM section, if we switch to Elaser= 2 .4 1 eV, we excite
DWNTs whose inner walls are metallic and outer walls are semiconducting (the inner M
tubes in resonance with this laser energy may also be contained inside nonresonant M outer
walls). The overall behavior of the G+ band using Elaser=2 .4 1 eV as a function of Thtt is
similar to its Eiaser=1. 5 8 eV counterpart, but there is one important difference, the WG+
is upshifted by ~8 cm 1 for all Thtt in regime I relative to the data at Elaser=1.58 eV
(see Fig. 3-9(c)). We attribute this offset in wG+ to the change in the excited DWNT
configuration from DWNTs with M inner tubes when using Eiaser=2.41 eV to DWNTs
with S inner tubes when using Elaser=1.58 eV. Alternatively, we could also expect this
WG+ upshift to have its origin in the dt dependence of WG- for S tubes. According to
Paillet [50], the WG- for S tubes tends to downshift as dt decreases. Also, from Raman
studies on isolated SWNTs [17], it is known that S tubes show sharper and more intense
G-band features than M tubes. In this context, we could be observing how S constituents
in our DWNTs dominate the G-band signal and determine the wG+ since different Elaser
lines excite S tubes with different dt values. Figure 3-9(d) shows the behavior of wG+ as a
function of Elaser for an undoped DWNT sample that did not receive heat treatment. The
two WG+ regimes of behavior may suggest that we are switching the resonance from S@M
DWNTs to M©S DWNTs as we increase the laser excitation energy. This explanation of
the observed upshift in WG+, which is shown in Fig. 3-9(d), is consistent with observations
on individual DWNTs where WG+ for the M©S configurations is also found to be upshifted
with respect to the SAM and S©S configurations [27].
Boron-doped DWNT Samples
The simultaneous effects of boron intercalation between DWNTs, boron incorporation into
the nanotube lattice, and heat treatment-induced disorder with increasing Thtt, are all
reflected in the G-band region of the spectra. We divide the discussion of results into two
regimes of heat treatment temperatures as follows.
a. Regime I: Thtt < 1500 0C.
In this regime no large shifts in the frequency of the G-band are observed as a function of
increasing Thtt for constant laser energy. However, doping and boron incorporation into the
nanotube lattice are expected to generate large shifts in the frequency of the G-band. The
lack of a large G-band shift in this regime indicates that the boron doping levels generated
in regime I are low and that most of the atoms contributing to the Raman signal are due
to C-C vibrations.
Nevertheless, if we do a careful line-shape analysis, small G-band shifts close to the noise
level can be seen to follow the same two trends. First, when outer M tubes and inner S
tubes are excited with Eiaser=1.92 eV or 1.58 eV (follow the circles and triangles in Fig. 3-
9(c)), a slight ~2 cm- 1 wG+ downshift is observed for increasing Thtt. The observed BWF
features at Thtt < 1500'C are generated mainly by outer metallic tubes (see Fig. 3-9(a)),
with dt~1.56 nm (see the squares for the RBM in Fig. 3-5(b)) which are in resonance with
EMf for Eiaser=1.58 eV.
Second, when outer S tubes and inner M tubes are excited with Eiaser=2 .4 1 eV (follow
the squares in Fig. 7(c)) we find that in regime I, an arguably small frequency upshift of
the G+ peak (by -2 cm- 1) occurs as Thtt reaches 1600 C. These two opposite shifts of wG+
with increasing Thtt suggest that when the outer shell of a DWNT is semiconducting (Elaser
=2.41 V), the dominant effect is that of boron acting as an acceptor, which reduces the
C-C distance and upshifts WG+. On the other hand, when the outside tube is metallic, as
for the lower Easer values, boron incorporation into the lattice seems to be the dominant
effect because the binding energies of B-C bonds are weaker than those of C-C bonds and
a downshift of the G+ phonon frequency is then expected. This result is consistent with
the work of Yang et al. on nitrogen and boron-doped coaxial nanotubes [511, where they
observe downshifts in WG+ as the boron/carbon fraction was increased in their nanotube
samples. Thus, the observed dependence of wG+ on Thtt in our samples is consistent with
the coalescence process.
b. Regime II: Thtt > 1500 'C.
As Thtt rises above 1500'C, DWNT destruction is triggered, non-cylindrical structures
form, and other sp2 and amorphous carbons start to dominate the G-band spectra for all
Easer values studied. In this temperature regime we observe a significant downshift of WG+
and an increase in FWHMG+ (see Figs. 3-5(a) and 3-5(b)) that are caused by the gradual
boron-enhanced destruction of the DWNTs. The increase in FWHMG+ is slightly more
pronounced for Elaser=2.41 eV which is resonant with M@S DWNTs. The changes in the
structure of DWNTs that occur in this Thtt regime are correlated with the appearance of a
strong D-band at Thtt > 1500 'C (see Fig. 3-7) and have been confirmed by complementary
studies using HRTEM [14].
3.3.5 The G'-band as a Function of Thtt and Boron Doping
The G'-band feature has its origin from a two-phonon second-order Raman resonance pro-
cess that is observed at a frequency of approximately twice WD. The G'-band of SWNTs can
be fit with a single Lorentzian and shows a dispersion of dWG/dElaser =106 cm- 1/eV [17].
The G'-band of single layer graphene can also be fit with one Lorentzian but if a second
layer is added to the system, the electronic bands split, and four peaks are observed in
the G'-band region [52]. Unlike bilayer graphene, the tubes of a DWNT are likely to be
incommensurate and weakly coupled so the observed splitting of the G'-band in DWNTs
could be generated by a phonon softening effect due to the differences in curvature between
the inner and outer tubes. Since the two diameter distributions of the inner and outer tubes
can be further subdivided into metallic and semiconducting categories, in this section we
fit the G'-band lineshape with four Lorentzians. The independent behaviors of each of the
four Lorentzians are complex and some overlapping between these categories exists. We,
however, expect the two lower frequency Lorentzians to have their origin coming from inner
M or S tubes and the two higher frequency Lorentzians to come from outer M or S tubes
but these inner and outer tubes interact so the decoupling of these lineshapes is not simple.
Undoped DWNT Samples
The G'-band region of the undoped DWNT samples reveals four Lorentzian peaks that we
have identified as G'1, G'2, G'3, and G'4 (see Fig. 3-11(a)). As shown in Fig. 3-10, the heat
treatments (up to Thtt = 2000 C) of the undoped samples do not have a significant effect on
the line shape of the G' region for all Elaser values, indicating again that the DWNTs can
withstand high temperatures in the absence of boron. At Thtt = 2000 C the intensity of the
G'-band is slightly decreased, but the RBM features corresponding to the inner diameter
tubes are still present and the G'1-G'4 features do not disappear. The spectrum in Fig. 3-
10(a) taken at Elaser =2.41 eV for the pristine undoped DWNTs has also been fit by other
authors with four peaks [53, 54].
If we decrease the laser excitation energy, the overall FWHMG, decreases and the G'1-
G'4 features tend to merge into a single peak located at WG'=258 2 cm- 1 for Elaser=1-58
eV (see Figs. 3-10(a)-(c)). Also, each G' component has a different dispersion value (see
Table 3.2) and, in particular, the G'4 feature shows the closest agreement (within 8%) with
the dispersion of SWNTs.
Table 3.2: The G'-band dispersion values from pristine (no boron doping and no Thtt) and
B-doped DWNT samples that were heat treated at Thtt=1400'C and Thtt=1600'C.
dwG' IdElaser (cm-1/eV)
Thtt=1400'C Thtt=1600 0 C
Feature Pristine (Boron doped) (Boron doped)
G'1 86.2 86.4 41.28
G'2 65.04 63.43 47.04
G'3 85.1 73.67 82.4
G'4 98.3 100 85.4
In order to assign the G'1-G'4 features to the inner and/or outer walls of our DWNTs,
we can compare their diameter dependence to that of SWNTs where WG' = w', + c/dt and
oG, is the frequency of the G' feature associated with 2D graphite and c is a constant that
accounts for laser excitation energy [55]. Interestingly, only the G'3 feature at wG'= 2 663
cm- 1 (see Fig. 3-11(a)) shows a reasonable agreement with SWNTs when using Easer=2 .4 1
eV and a dt=0.88 nm. The most prominent inner tube in our DWNT sample in resonance
with Elaser=2 .4 1 eV has a dt=0.88 nm. When using Eiaser=1.5 8 eV, the agreement of
G'1-G'4 with the WG' dependence on dt for SWNTs is also limited. Therefore, comparisons
to SWNT WG'(dt) functions can only be qualitative and a new DWNT wG' (dt) relation has
to be developed from experiments on DWNTs with various laser excitation energies. The
next section describes how boron doping provided an alternative procedure to investigate
the origins of the G'1-G'4 features.
Boron-doped DWNT samples
Boron acts as a catalyst for DWNT coalescence and for the structural destabilization of
DWNTs at a lower Thtt than in their undoped form. The change in the structure of boron-
doped DWNTs as Thtt is increased provides further insight into the relationships between the
G'1-G'4 features and their identification with the inner and the outer walls of our DWNTs.
The G'-band analysis for the boron-doped samples with respect to Thtt has also been divided
into two regimes: regime I corresponds to Thtt 1500'C and regime II corresponds to
Thtt >15000C.
a. Regime I: Thtt l1500C.
In the Thtt range of.regime I, the inner and the outer walls of our DWNTs remain
structurally stable. The frequency, intensity, and dispersion of the G'1-G'4 features show
a similar behavior to that of the boron free samples. The dispersion of the G'4 feature
(100cm- 1 /eV) is again close to the expected 106 cm- 1/eV of the G'-band in SWNTs
(Ref. [17]) and the dispersions of G'1-G'3 are considerably below that value (See Table 3.2
column for Thtt=1400'C).
Figure 3-10(d) presents the G' region of the Raman spectra from pristine (no heat
treatment and no boron doping) and heat treated boron-doped DWNTs for increasing Thtt
using Eiaser=2 .4 1 eV. Since the laser energy is Elaser= 2 .4 1 eV, we know from the Kataura
plot that we are exciting DWNTs whose inner tubes are metallic. Also, increasing the laser
excitation energy increases the fourfold splitting of the G'-band, so we select Elaser=2.4 1
eV to observe the changes in the four components (G'1 to G'4) of the G'-band as Thtt is
increased. The shaded region marked with an A (B) corresponds to the G'1 and G'2 (G'3
and G'4) features and is expected to come from the inner (outer) tubes of the DWNTs [53].
A slight increase in the A/B intensity ratio IA/IB is observed for Thtt=1200-1400'C
when compared to the pristine sample. Since the D-band is still very weak at Thtt 5
1400'C, the change in IA/IB suggests that the heat treatment anneals possible defects in
the inner tube of the DWNT structure and enhances the contribution to the G'-band signal
from the inner tubes (G'1 and G'2).
The correlation between the A/B intensity ratio IA/IB and the intensity of the RBM
peaks from inner tubes and from the D-band can be used to assign the G'1-G'2 (G'3-G'4)
features to the inner (outer) tubes of our DWNTs. As shown in Fig. 3-10(d), at Thtt=1400'C
the intensity ratio IA/IB is greater than 1 while at Thtt=1500'C, IA/IB approaches 1 and at
Thtt >15000 C IA/IB < 1. At Thtt=15000 C, the onset of the decrease in the intensity of the
A region (G'1-G'2) exactly coincides with the onset of DWNT coalescence [14], the increase
in intensity of the D-band and with the onset of the intensity decrease in the RBM peak
corresponding to the inner tubes [see WRBM ~265cm~1 in Fig. 3-5(c)]. This observation
allows us to confirm the assignment of G'1-G'2 to the inner tubes of the DWNTs that are in
resonance with Eiase,=2.41 eV. On the other hand, at Thtt=1500'C, the intensity of the B
region and the intensity of the RBM peak corresponding to the outer tube (see WRBM ~165
cm- 1 in Figures 3-5(c) and 3-5(d)) remain unchanged with heat treatment below 15000C,
so we can confirm the assignment of G'3-G'4 to the outer DWNT tubes.
b. Regime II: Thtt >1500 C.
In this Thtt regime, the required energy for boron-doped DWNT structural destabi-
lization is reached and significant changes occur to the line shape of the G'-band. At
Thtt=1600'C all the RBM signal is lost, the D-band intensity increases considerably [see
Fig. 3-7(a)] and the intensity of the G'3 peak at Easer=2.41eV decreases [see Fig. 3-11(b)).
A similar effect is observed when using Eiaser=1. 92 eV (not shown). The marked decrease
in the intensity of the G'1-G'3 features, the overall broadening of the G' region, and the gen-
eralized loss of a nanotube-like dispersion (dWG'/dEaser) all suggest that for Thtt=1600'C,
our sample is mainly composed of a mixture of defective tubular structures and disordered
sp 2 carbon materials. Increasing Thtt above 1600'C also results in the alteration of the
dispersion of the G'1-G'4 peaks as shown in Fig. 3-11(c). As presented in Table 3.2, the
dispersion of the G'4 feature goes below that of SWNTs (-106 cm- 1/eV [17]) and in fact
goes down all the way to 85.4 cm- 1/eV. As a reference, at Easer=2 .54 eV the G' feature
for HOPG has two peaks, a weak one at -2690 cm- 1 and a much higher intensity one at
-2740 cm- 1 that has a dispersion of -99 cm- 1/eV [56].
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Figure 3-10: The G'-band region of the Raman spectra of undoped and boron-doped DWNT
samples for different Thtt using (a, d) Eiaser= 2 .4 1 eV, (b, e) Elasel,=1. 9 2 eV, and (c, f)
Easel,=1.58 eV. The DWNT schematics mark the metallic or semiconducting nature of
the inner tubes that each Ease, predominantly excites. The shaded (A) region in (d)
marks the low-frequency components of the G'-band (G'l and G'2) corresponding to the
inner diameter tubes. The shaded (B) region for DWNTs corresponds to the G'3 and G'4
features mostly associated with the outer tubes and is observed at all Thtt. The predominant
DWNT configuration excited for Elase,=2.4 1 eV consists of inner metallic (M) tubes and
outer semiconducting (S) tubes.
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Figure 3-11: Lineshape analysis for the G'-band region of the Raman spectra of DWNTs
at Elaser=2 .4 1 eV into four components for the cases of (a) pristine (second batch) and (b)
heat-treated boron-doped DWNTs at Thtt=1600'C. (c) A plot of wG' for G'1 through G'4
as a function of Thtt. All the spectra were taken with Eiaser=2 .4 1 eV which excites DWNTs
whose inner tubes are metallic (M). Notice the frequency upshift of the four G' components
for Thtt above 1600'C.
62
3.3.6 Conclusions
We have analyzed the Raman spectra from DWNT bundles that were annealed in the pres-
ence and in the absence of elemental boron. An early study of the Raman spectra for such
heat treated samples was carried out previously using Eiaser= 2.33 eV excitation [14]. In
this chapter, we observe, in agreement with the earlier study at heat treatment temper-
atures between 1200'C and 2000'C, that the addition of elemental boron both enhances
DWNT coalescence and lowers the onset of structural destabilization to Thtt=1500'C. In
this context, the RBM region of the spectra indicates that smaller diameter tubes disinte-
grate more readily upon heat treatment than larger diameter tubes, and this disintegration
effect is strongly amplified in the boron-doped tubes. Also, we did not detect a difference
in the structural destabilization temperature for DWNTs with different metallic and semi-
conducting configurations. Such a distinction was evaluated using multiple laser excitation
energies that excite different DWNT configurations.
We observe that the D-band in DWNT bundles can be fit with two Lorentzians which
have their origin in the inner and outer tubes of a DWNT as is also observed at the single
isolated DWNT level (see Chapter V). The overall dependence of the D-band intensity on
Ease, is qualitatively consistent with previous experimental [44] and theoretical [46] reports
on nanographite and SWNTs. We find that the ID/IG ratio has a power-law dependence
on Elaser (in the range 1.6-2.41 eV) of the form ID/IG=cEL, where a varies from -- 2.5 to
~-3 with decreasing Thtt, similar to the behavior of graphitic foams [43].
Both the inner and outer tube constituents of a DWNT contribute to the characteristic
line shape of the G-band but the semiconducting tubes and the outer tubes of the DWNT
have a stronger effect on the overall lineshape. By using various laser lines to excite DWNTs
with different configurations, we found that the line shape of the G-band is dominated by
the outer DWNT tubes, regardless of the metallic or semiconducting nature of the inner
tubes and of the outer tubes. If the outer tube is metallic, the G--band shows a noticeable
BWF tail. If the outer tube is semiconducting, the G-band shows a Lorentzian lineshape.
The effect of boron doping is to increase the frequency of the G+ feature indicating that
boron behaves as an acceptor dopant for DWNTs.
Finally, by comparing the intensity of the G'-band to the intensity of the corresponding
RBM peaks as the DWNTs reach coalescence with increasing Thtt, we observe that the four
components of the G'-band (G'1-G'4) can be assigned to the inner (G'1 and G'2) and the
outer tubes (G'3 and G'4) of the DWNTs present in our sample.
Chapter 4
CVD-derived Isolated
Double-Walled Carbon Nanotubes
with Different Metallic and
Semiconducting Configurations
A double-walled carbon nanotube (DWNT) provides the simplest system to study the interac-
tion between concentric tubes in carbon nanotubes. The inner and outer walls of a DWNT
can be metallic (M) or semiconducting (S), and each of the four possible configurations
(MOM, MOS, SOS, SCM) has different electronic properties. Here we report, for the first
time, detailed Raman spectroscopy experiments carried out on individual DWNTs, where
both concentric tubes are measured under resonance conditions, in order to understand the
dependence of their electronic and optical properties according to their M/S configuration.
Interestingly, for the three DWNT configurations that were studied, the nominal inner-outer
tube distance (e.g., 0.31-0.33 nm) was less than the interlayer spacing in graphite.
4.1 Introduction
The electronic and vibrational properties of the inner wall or the outer wall of double-
walled carbon nanotubes (DWNTs) are similar to those of single-walled carbon nanotubes
(SWNTs), but DWNTs are more resistant to thermal and mechanical stress when compared
to SWNTs [57]. This makes DWNTs good candidates for applications, such as field emit-
ters [35], where nanotube devices have to operate under demanding environments without
compromising the lifetime of the device. The inner and the outer tube of a DWNT may
also be individually doped [18, 53] or functionalized to obtain coaxial systems or tubular
pn junctions with specific electronic and optical properties. In this context, a better under-
standing of the energy transfer mechanisms between the two concentric tubes of a DWNT
is needed to unveil their potential for future applications.
DWNTs are an ideal system for studying the interaction between two concentric layers
of graphene. The inner and the outer tubes of a DWNT can be either metallic (M) or
semiconducting (S). Thus the following four configurations are possible: M@M, M@S, SOS,
and S©M, where S@M denotes an S inner tube inside an M outer tube, following the com-
mon notation for fullerenes. Each configuration is expected to possess distinct electronic
properties. In addition, for the S@M configuration, the S inner tube of a DWNT could be
regarded as a good approximation for an isolated SWNT that is electrostatically shielded
and physically protected from the local environment. This provides an opportunity to ob-
tain experimental data from the inner wall that can be used as a standard when compared
to SWNTs that are subjected to environmental effects, such as contact with a substrate,
water, oxygen, or charged molecular species.
Raman spectroscopy experiments on DWNT bundles have been reported earlier, [9, 14,
26, 58, 59] but because the Raman signal is coming from an ensemble of DWNTs with
different inner/outer wall features, it has been impossible to distinguish between the in-
dividual inner and outer tube contributions to the Raman spectra from each of the four
possible DWNT configurations. Here we report a reliable technique that combines tunable
Raman spectroscopy with Raman mapping procedures and electron beam lithography in or-
der to obtain the Raman spectra of the individual constituents of the same isolated DWNT.
This new method eliminates the dominant environmental effect found in bundled samples
by enabling the acquisition of reliable Raman spectra from the inner and outer walls of
the same individual and isolated DWNT. We also show the first Raman results for three
DWNT configurations and compare our results to those obtained from DWNT bundles and
double-layer graphene. Our results demonstrate that it should be possible to identify the
transport properties of specific DWNTs so this technique could be used in the fabrication
and manufacture of electronic devices.
4.2 Experimental Procedures and Raman Maps
The DWNTs used in this study, were synthesized using a catalytic chemical vapor deposi-
tion method previously reported in the literature [10]. The as-grown DWNT sample was
treated with hydrochloric acid to eliminate the traces of unwanted catalyst material and
support material and then air-oxidized at 500 C for 30 min to remove amorphous carbon
and chemically active SWNTs. Once the sample was purified, a homogeneously dispersed
DWNT suspension was prepared by mixing 1 mg of DWNTs in 10 g of D2 0 with 50 mg
of sodium dodecylbenzene sulfonate (NaDDBS) and sonicating the mixture for 1 h at 470
W/cm 2. The resulting suspension was then centrifuged (489,000g) to yield a dispersed so-
lution of individual DWNTs that was used for this study. The synthesis and the dispersion
in solution of the DWNTs used in this study were performed by our collaborators in the
group of Professor M. Endo at Shinshu University, Japan.
The individually dispersed DWNT solution was deposited on a silicon chip that con-
tained specially designed Au markers that can be detected when measuring the Raman
signal. E-beam lithography was used to fabricate an Au grid consisting of 1 pm thick Au
lines with varying square sizes to allow for a reliable and time efficient identification of a
large number of randomly deposited DWNTs (See Figure 4-la). Atomic force microscopy
was also used to verify that the deposited isolated DWNTs on the substrate had an ade-
quate density (approximately 1 DWNT per 2 pm2 ) for our measurements and that isolated
DWNTs were not confused with small DWNT bundles.
Resonance Raman spectra with different laser excitation energies in the 1.57 - 2.41 eV
range were acquired from the Au-marked Si substrate where the DWNTs were deposited.
Every measurement was conducted at room temperature and the power used was always
13 mW to enhance the signal to-noise ratio and to obtain a clear signal from the double
resonance processes. To make sure that heating effects were not affecting our measure-
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Figure 4-1: (a) An Au grid fabricated on top of a silicon substrate using e-beam lithography
allows each pixel to be uniquely identified. This setup thus allows the scanning of relatively
large areas without sacrificing accuracy when recording the location of an isolated DWNT.
(b,c) Raman maps of the same spatial region on an expanded scale showing an individual
DWNT whose inner and outer constituents are in resonance with Elaser = 1.91 eV and
Elaser = 1.61 eV, respectively.
ments, we performed Raman experiments with increasing laser powers of up to 40 mW and
we measured an wG downshift of only -0.02 cm-1 /mW. Therefore, as opposed to bundles
or suspended tubes, excessive heating is not a concern in this case because at the isolated
DWNT level, the Si substrate acts as an efficient heat sink. A 100x objective lens was used
to focus the laser beam on a spot with a 0.5 pim diameter and the acquisition time was
500 ms. The scattered light was collected through a 100x objective using a backscattering
geometry. To generate the required excitation energies, a dye laser (containing Rhodamine
6G dye) was pumped by a 532 nm laser. A computerized stage containing the sample was
programmed to allow the laser beam to scan relatively large areas (500 ptm2 ). A Raman
spectrum was acquired every 0.5 pm, and the resulting data were used to construct the
so-called Raman maps. These Raman maps allow for a reliable identification of individual
DWNTs because they contain information about the signal coming from both the DWNT
deposited on the substrate and from the Au-markers (see Figure 4-1b,c). Raman maps
of the same spatial regions were obtained with different laser energies in order to study
the resonant windows of the inner and outer tubes of the same isolated DWNTs. Once
the inner (outer) wall of a DWNT was detected with a particular Elaser , we used the
expected intertube distance (~ 3.4A) and a Kataura plot [40, 60] to determine the appro-
priate Elaser to be used to find its outer (inner) wall partner. In a few cases, we were able
to detect DWNTs whose inner and outer tubes were both in resonance with the same Elaser .
4.3 The Four Possible Double Wall Carbon Nanotube Con-
figurations
4.3.1 Semiconducting Inner Tube with Metallic Outer Tube (S@M)
Raman spectra obtained from a single isolated S©M DWNT are shown in Figure 4-2. Here
we used the Raman mapping technique and the e-beam fabricated gold markers described
above, with a 1.61 eV laser line to probe the outer M tube and a 1.91 eV line for the inner
S tube.
Figure 4-2(a) shows a theoretical Kataura plot [40] where the two vertical lines indicate
the WRBM (radial breathing mode frequency) from the inner (257 cm-1) and the outer (158
cm-1) tube of the same S@M DWNT. The laser energies at which the intensities of each
of the two observed RBM modes reach their maxima (Easer = 1.91 eV and Elaser = 1.61
eV) are marked with horizontal lines (see Figure 4-2(a)). Figure 4-2(c) shows the Raman
spectra for the RBM, G-band, and G'-band acquired from one individual S@M DWNT at
several Elaser values. By comparing the information provided by the theoretical Kataura
plot with our experimental results, we observe that when we use Elaser = 1.61 eV, we excite
the Eff transition of an (18,3) outer M tube (family 39) with diameter dt = 1.52 nm based
on the relation [14] WRBM = 2 + 15.9 cm-1. Similarly, if we switch to Eiaser = 1-91
eV, we go into resonance with the E2 transition of an S inner tube with dt = 0.87 nm
with a possible (n,m) = (7,6) identification belonging to family 20. The RBM derived
values of the diameters of the inner and outer tubes of this particular S@M nanotube are
in agreement with previous Raman characterization studies [15, 42] performed on DWNT
bundles fabricated by the same method as our individual isolated DWNT's. In addition,
the distance between the inner and outer tubes of this DWNT is 3.3 A. We have, in fact,
experimentally observed this particular S@M DWNT configuration on more than one phys-
ical DWNT in our samples. We can thus be certain that we are scanning one isolated
DWNT and not a pair of bundled SWNTs. The full width half-maximum (FWHM) values
of the RBM peaks corresponding to the inner and outer tubes are 9 and 8 cn 1, respectively.
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Figure 4-2: (a) The Kataura plot used to probe the M or S tubes of a SAM DWNT,
calculated within the ETB (extended tight binding) framework [40] including many-body
corrections fitted to the RRS data from SDS-wrapped HiPCO SWNTs [60]. Red (black)
circles correspond to M (S) tubes. The relevant 2n + m = p families are marked. (b)
Resonance window of the (18,3) outer metallic tube ( WRBM=1 5 8 cm-1 ) of an isolated SAM
DWNT. The red line is a Lorentzian fit to the experimental data points (squares) (c) Ra-
man spectra of the RBM, G-band, and G'-band features taken from the same isolated S©M
DWNT. By using two laser energies (shaded regions), we can detect the inner semicon-
ducting (Elaser = 1.91 eV) and the outer metallic (Elaser = 1.61 eV) constituents of the
same DWNT. The peak frequencies are marked followed by the corresponding FWHM in
parenthesis. A blank frame means that no G'-band data was acquired for 1.61 and 1.83 eV
due to luminescence from the Si substrate.
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In contrast, the line widths obtained from bundled DWNT samples are usually larger [15]
(from 11 to 27 cm-1) due to contributions to the Raman spectra from a variety of DWNTs
that experience different environments due to their different tube parameters and DWNT-
DWNT interactions. Having eliminated the possibility of bundle effects, we can proceed
to study the intertube interaction by measuring its effect on the transition energies of the
inner and outer tubes. By comparing the center frequency of the resonance window of
the (18,3) outer tube of our S@M DWNT to that of a theoretical (18,3) SWNT calculated
by the extended tight binding model for use on a Kataura plot [40], we obtain a measure
of the intertube interaction. Figure 4-2(b) shows the so-called resonance window of the
outer tube of our S@M DWNT. The laser wavelength was varied in 5 nm steps from 735
to 785 nm, and the resulting resonance window has a FWHM of - 18 meV with a maxi-
mum intensity centered at 1.61 eV. The peak of this transition energy is only 2 meV below
the value predicted for the resonance of an (18,3) SWNT tube by our theoretical Kataura
plot [40, 60], thus suggesting that the intertube interaction has only a weak effect on the
outer tube of this particular DWNT and does not cause a significant frequency shift from
current predictions for SWNTs with the same (n,m) identification [40, 60]. As mentioned
above, the inner tube was detected using Elaser = 1.91 eV. Our experimental setup lacks
tunability around Elaser = 1.91 eV and we could not measure the resonant window of the in-
ner tube. But we know from the Kataura plot that we are exciting its E2 optical transition.
At the individual DWNT level, the shape of the G-band is dominated by the S or M
nature of the tube that is in strongest resonance with Elaser . Figure 4-2(c) shows the
G-band of our individual SAM DWNT (the same individual DWNT previously shown in
Figure 4-1(b),(c)) for five different Elaser values. We observe that when the Elaser (770
nm, 1.61 eV) is in resonance with the outer M tube, the G-band shows a line shape that is
characteristic of M nanotubes. On the other hand, when the Elaser (1.91 eV) is in resonance
with the inner S tube, the line shape of the G-band turns to a semiconducting character
and can be fitted with one relatively narrow (FWHM 11.2 cm1 ) Lorentian peak centered at
WG = 1573 cm 1 . The assignments of the S or M nature of the tubes of our DWNT using the
G-band line shapes coincide with the assignments that we previously made using its RBMs
and the Kataura plot. When the Elaser (2.06 and 2.33 eV) is outside the RBM resonant
windows of both tubes of our SAM DWNT, the G-band retains a semiconducting line shape
and can still be fitted with one narrow Lorentzian peak centered close to WG = 1580 cm-1
(FWHM 8.5-12.7 cm-1), similar to that of graphite.
By performing Raman spectroscopy on an individual DWNT, the analysis of the G'-
band spectra is greatly simplified because the line shape contains only one or at most two
peaks (G'i and G' 2 ) as opposed to four peaks as seen in DWNT bundles [15] and double-
layer graphene [52]. Figure 4-2(c) shows the G'-band of our S@M DWNT where two peaks
(wG'1 ~ 2639 cm-1 and WG'2 ~ 2677 cm-1) are observed at high Elase, values (Elaser = 2.33
eV) and the two peaks tend to get closer together with decreasing Elaer. We have observed
the same effect in DWNT bundles [15]. Unlike double-layer graphene, the tubes of a DWNT
are almost always incommensurate, therefore making band splitting unlikely.
The fact that we do not observe four peaks in the G'-band of an isolated DWNT suggests
that the double resonance process is occurring independently in each tube of the DWNT.
Each nanotube making up one of the tubes of a DWNT as it interacts with the other tube
has a characteristic band structure that gives rise to a G' phonon with a frequency that is
dependent on nanotube diameter (dt). In addition, at higher Elase, values it becomes easier
to detect the two G' peaks (G'i and G'2 ) because the difference in the curvature of the
electronic band of each DWNT tube becomes more pronounced and yields two q phonon
wave vectors that are increasingly different. Each tube has a different wG' corresponding
to different q vectors. At lower energies, the difference in the electronic band structures of
the two tubes of the DWNT gets smaller, yields increasingly similar q wave vectors and we
only observe a single peak corresponding to two overlapped G'i and G' 2 peaks (see the G'
region at Easer = 1.91 eV and Easer = 2.06 eV in Figure 4-2(c)).
For SWNTs at Elaser = 2.41 eV, Dresselhaus et al. [17] predicted a 1/dt dependence of
w/ of the form w= A - B/dt where A = 2704 cm-1 and B = 35.4 cm~1 .nm. It is important
to note that Dresselhaus' prediction is accurate only for a given Egi and therefore it may
only be used to find a qualitative relationship between the inner (outer) tube of our DWNT
and G'i (G' 2 ). If we use the Dresselhaus et al. [17] formula for our S@M DWNT with
diameters dt = 0.87 nm @ dt = 1.52 nm, we would expect WG'1 2663 cm~1 ( WG'2 ~260
cm- 1. As shown in Figure 4-2(c), our actual experimental values correspond to WG'1 ~ 2639
cm~1 @ WG'2 ~ 2677 cm~ . The fact that there is reasonable agreement between the exper-
imental and predicted WG'2 suggests that the origin of the G'i (G' 2 ) feature is indeed a
double resonance process occurring for the inner (outer) wall of our DWNT. Further argu-
ments supporting this hypothesis are presented below in the context of the M©S and SAS
DWNT configurations.
4.3.2 Metallic Inner Tube with Semiconducting Inner Tube (M@S)
In this case, it was not necessary to use separate laser lines to detect each tube because the
inner and the outer tubes of the same M@S DWNT are simultaneously in resonance with
the same laser energy (Ease, = 2.33 eV). Figure 4-3(a) shows a theoretical Kataura plot
where the two vertical lines indicate the WRBM from the inner (265 cm-1) and the outer (160
cm- 1) tubes of one individual M©S DWNT. Figure 4-3(b) shows the RBM region of the
Raman spectra acquired from one individual M©S DWNT. By comparing the information
provided by the theoretical Kataura plot with our experimental results, we observe that
when we use Elase, = 2.33 eV, we simultaneously excite the Eff transition of an (8,5) inner
metallic tube (family 21) with diameter dt = 0.87 nm (based on the relation)
218.5
WRBM = + 15.9cm (4.1)dt
and the E3 transition of a semiconducting outer tube with dt = 1.51 nm with a possible
(n, m) = (14, 6) and belonging to family 34. The distance between the two tubes of this
DWNT is approximately 3.2 A, which is smaller than the interlayer separation in graphite
(3.35 A).
The line shape of the G-band (see black trace in Figure 4-3(b)) is a mixture of Lorentzian
peaks (wG+ = 1591 cm-1 and WG- = 1574 cm-1) and a metallic-like BWF shoulder (wG- =
1519 cm-1) because both the inner (M) and the outer (S) tubes of this DWNT are in
resonance with the same Eiase, = 2.33 eV. For comparison, Figure 4-3(b) also shows the
Raman spectrum of an isolated S-SWNT (red trace) with a similar diameter (dt = 1.51nm)
identified with the outer constituent of our DWNT and it is observed that the SWNT
lacks the BWF shoulder attributed to the inner constituent of the DWNT. The WG+ of the
DWNT is here downshifted by 5 cm-1 with respect to the WG+ of the SWNT.
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Figure 4-3: (a) The Kataura plot used to determine the M and S nature of the inner
(WRBM = 265 cm-1) and outer (WRBM = 160 cm 1 ) tubes of one isolated MAS DWNT. (b)
The RBM, G, and G'-regions of the Raman spectrum of the same isolated M@S DWNT
using Ease, = 2.33 eV. The RBM region shows that the inner and the outer tubes are
simultaneously in resonance with the same laser line.
Using the prediction of Dresselhaus et al. [17] for the dt dependence of wG-, the expected
WG_ for the inner (M, dit 0.87 nm) and outer (S, dt = 1.51 nm) tubes of our DWNT are
WG- = 1486 cm-1 and WG- = 1570 cm 1 , respectively. There is good agreement ((1574-1570)
cm 1 = 4 cm-1) between Dresselhaus' prediction and the WG- from the outer (S) tube of our
DWNT. The RBM region of the spectra also indicates that the outer tube of our DWNT
is semiconducting so we can have confidence that our assignment is correct. On the other
hand, there is not good agreement with the inner (M) tube ((1519-1486) cm-1 = 33 cm 1 )
but this difference can be explained by the fact that, unlike the SWNTs used to generate
the Dresselhaus et al. formula, our inner M tube is protected by an outer S tube and is
not in direct contact with the local environment. This shielding [61) is likely to affect the
charge transfer mechanisms between the M inner tube and the substrate/environment, thus
changing the line shape and position of WG-- It is also interesting to note that the G+ band
frequency of this M@S DWNT is up shifted by 9 cm-1 with respect to that of the SAM
DWNT described in the previous section. In DWNT bundles, an ~ 8 cm 1 upshift of the
G+ band for Elaser > 2.1 eV has also been observed (See section 6.3.2) [15].
The 2-fold splitting of the G'-band is very clear (see Figure 4-3(b)) when we use
Elaser = 2.33 eV to excite this M©S DWNT. Using the Dresselhaus et al. [17] formula
(WG' = A - B/dt where A = 2704 cm 1 and B = 35.4 cm-1.nm), the expected WG' values for
the inner (M, dt = 0.87nm) and outer (S, dIt = 1.51nm) tubes of our DWNT are WGI 2663
cm- 1 and WGI2 = 2681 cm-1, respectively. When we compare the Dresselhaus' prediction to
our experimental WG'l and wG'2 values (WG'1 = 2658 cm-1 and WG'2 = 2696 cm-), we observe
good agreement (<5 cm-1) with the wG'1 of the inner tube and a reasonable proximity (<15
cm- 1) to the WG'2 of the outer tube. This observation supports our previous hypothesis
that the intertube interaction is weak in DWNTs because both tubes are incommensurate
with each other. Therefore the two observed peaks result from a double resonance process
that occurs independently within each of the tubes of the DWNT, where the inner M tube
(dt = 0.87nm) generates G'i (wG'1 = 2658 cm-1 ) and the outer S tube (dt = 1.51nm) gen-
erates G' 2 (wG'2 = 2696 cm-1). It is important to keep in mind that a 2-fold splitting of
the G'-band may also be observed in isolated SWNTs if the incident photon as well as the
scattered photon are in resonance with two different Eii transitions for the same SWNT [62].
4.3.3 Semiconducting Inner with Semiconducting Inner Tube (S@S)
By comparing the information provided by the theoretical Kataura plot with our experi-
mental results (see Figure 4-4(a)), we observe that when we use Elaser = 1.62 eV (765nm),
we excite the E2 transition of an inner S tube with dt = 0.88 nm based on the relation
WRBM = 218.5/dt + 15.9 cm 1 . Similarly, if we switch to Elaser = 2.03 eV (610 nm), we
go into resonance with the E3 transition of an S outer tube with dt = 1.50 nm (indicating
an intertube separation of 3.1 A). Figure 4-4(b) shows that the RBM resonance window of
the inner tube of the DWNT is ~ 10 meV narrower than that of the outer tube. Figure
4-4(c) compares the Raman spectra of our S©S DWNT with the spectra obtained from two
isolated SWNTs that have diameters that are similar to the inner (SWNT 2) and outer
(SWNT 1) tubes of our S©S DWNT. The RBM resonance windows of SWNT 2 and SWNT
1 are not shown here but they have a width of ~ 46 and ~ 41 meV, respectively.
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Figure 4-4: (a) The Kataura plot used to determine the S nature of the inner (WRBM = 264
cm- 1 peak at 1.62eV laser) and outer (WRBM = 161 cm 1 peak at 2.03eV laser) tubes of
one isolated SAS DWNT. (b) The RBM resonance window of the inner and the outer
tube of the same DWNT. Solid lines represent the best fit to the experimental data points
showing finner = 30meV FWHM for the inner tube and e = 40meV for the outer
tube. (c) Comparison between the Raman spectra of the inner (Eiaer=1.6 2 eV) and outer
(Elaser=2.03 eV) tubes of one isolated SAS DWNT and two individual SWNTs with similar
diameters.
In contrast to the M©S and SAM configurations presented above, in the case of this
SAS DWNT, there was no good match between the theoretical Kataura plot and our ex-
perimental values and we could not make reliable (n,m) assignments for the inner and the
outer tubes of the DWNT.
2.031
1.62
(c)
Eu
2800
As mentioned above, Figure 4-4(c) shows the spectra of two individual SWNTs with
diameters that are very similar to those of the inner and outer tubes of our DWNT. We
observe that the G+-bands of both tubes of the DWNT are downshifted by ~ 6 cm-1 with
respect to their corresponding SWNT counterparts. The finding that the downshift of the
G+-band frequency from SWNTs compared to that found for DWNTs is closer to that of
graphite (1582 cm 1 ) suggests that the addition of only one tube to a SWNT already starts
giving the system a more graphitic nature.
The spectra for the G'-band region of our SOS DWNT is plotted in Figure 4-5 for five
different Elaser values. As mentioned above, the intertube interaction is low in a DWNT be-
cause its constituents are likely to be incommensurate with one another. Therefore, the G'i
and G'2 peaks have their origin from double resonance processes occurring almost indepen-
dently for the inner and outer tubes of a DWNT. Figure 4-5 shows experimental proof that
the intensity of the G'2 peak is related to the intensity of the RBM corresponding to the
outer tube. When the Elaser (see the 2.00 and 2.016 eV traces in Figure 4-5) is outside the
resonance window of the outer tube, neither the G'2 peak nor the RBM for the outer tube
is observed for both cases. If we compare the G'-band of an isolated SWNT whose diameter
is similar to the outer tube of the DWNT (Figure 4-4(c)), we observe only one peak that
is closer in frequency to G'2 (~ 11 cm 1 ) than to G'i (- 47 cm-1). This observation also
supports the idea that G' 2 (G'i) is being generated by the outer (inner) tube of the DWNT.
4.3.4 Metallic Inner with Metallic Outer Tube (MUM)
Finding the M@M configuration remains a challenge because experimentally we observed a
lower number of M constituents and all that were observed thus far were paired up with an
S tube in the inner or outer tube. We attribute our inability to find the M@M configuration
to the fact that only 1/3 of all possible (n,m) pairs are metallic [1] so the probability of
finding an M©M DWNT is only 1 x = 1. In addition, within our experimental tunable
laser range (1.57 to 2.41 eV), most of the detected M constituents are in resonance with
the EM optical transition. Larger diameter tubes in resonance with E2 may be present
in our sample but they are seldom detected because they have a very weak RBM intensity.
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Figure 4-5: Raman spectra of the same isolated S@S DWNT for five closely spaced
Elaser values. The intensity of the G' peak is directly related to the intensity of the RBM
peak corresponding to the outer S tube. Note that when the laser energy is outside the
resonance window of the outer tube, no RBM is observed and the intensity of the G' peak
decreases to zero.
If we focus only on the 1.57-2.41 eV laser range, we can use the Kataura plot to count 36
species of M nanotubes that are in resonance with Ef[ and that have different (n,m) pairs
compatible for forming a DWNT. If there were no restrictions on the intertube separation
we could use those 36 M tubes to construct 36!/(2!(36 - 2)!) = 630 different M@M kinds of
DWNTs. However, if we take into account the intertube separation constraints (0.32 nm <
layer separation < 0.36 nm)[63], we find that only 14 types of DWNTs constructed with 13
different (n,m) M constituents satisfy this condition. The lack of an abundance of possible
DWNTs within our tunable laser energy range explains the fact that it is experimentally
unlikely to find the M@M configuration. Further Raman mapping experiments with more
laser energies and on larger substrate areas (> 10,000 pm2) should increase the probability
of finding the M©M DWNT configuration.
4.4 Conclusions
In summary, we have developed a reliable mapping technique to isolate, locate, and study
individual DWNTs using tunable Raman spectroscopy, thereby providing an exciting ap-
proach to fundamental studies of intertube interaction between adjacent concentric tubes.
The RBM and G-band regions of the Raman spectra confirm that DWNTs can have four
possible inner@outer configurations (S@M, M@S, S@S, M@M) with different expected op-
tical and electronic properties. For the M@S and S©M configurations, the shape of the
G-band is dominated by the S or M nature of the tube that is in strongest resonance with
the Elaser excitation energy. The frequency of the G-band also tends to upshift by ~ 10
cm- 1 when we switch from the S©M to the M@S configuration. A similar G-band upshift
effect with increasing Elaser has also been observed in DWNT bundles (See sections 3.3.4
and 6.3.2) [15].
The RBM, G, and G' spectral regions all provide information about the interaction
between the constituents of a DWNT. In the case of the SAM configuration, the RBM
resonance window of the M tube is not shifted from its expected value when compared to
an isolated SWNT of the same diameter, suggesting that the intertube interaction is weak.
The inner-outer tube distances of 0.31-0.33 nm that were measured for the three DWNTs
studied in this work are all less than in graphite, but further studies on many more DWNTs
are needed to reach general conclusions about this apparent decrease in intertube separation
in DWNTs relative to graphite. The WRBM for the inner and outer tubes of S@S DWNTs are
also very similar to that for isolated SWNTs but the G-band is downshifted, suggesting that
the G-band is sensitive to intertube interactions. The G'-band study provides experimental
evidence that there is a strong correlation between the intensities of the inner (outer) tube
RBMs and the G' 1 (G' 2) peaks. The fact that there is little interaction between the tubes
of a DWNT allows for the stability of multiple (n,m)@Q(n',m') pairs. The probability of
observing the M@M configuration is low but special effort should be made to study this
interesting configuration.
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Chapter 5
Wall to Wall Stress Induced on
(6,5) Semiconducting Nanotubes
by Encapsulation in Metallic Outer
Tubes of Different Diameters: A
Resonant Raman Study of
Individual C60-derived Double
Walled Carbon Nanotubes
We measure resonant Raman scattering from 11 individual C60-derived double wall carbon
nanotubes all having inner semiconducting (6,5) tubes and various outer metallic tubes.
The Raman spectra show the radial breathing mode (RBM) of the inner and the outer tubes
simultaneously in resonance with the same laser energy. We observe that an increase in
the RBM frequency of the inner tubes is related to an increase in the RBM frequency of
the outer tubes. The Raman spectra also contain a sharp G- feature that increases in
frequency as the nominal diameter of the outer metallic tubes decreases. Finally, the one
phonon second-order D-band mode shows a two way frequency splitting that decreases with
decreasing nominal wall to wall (WtW) distances. We suggest that the stress which increases
with decreasing nominal WtW distances is responsible for the hardening that is observed for
the frequencies of the RBM, D an G- modes of the inner (6,5) semiconducting tubes.
5.1 Introduction
Double wall carbon nanotubes (DWNTs) exhibit optical and vibrational properties that are
similar to those of single wall carbon nanotubes (SWNTs) but their double wall structure
makes them more mechanically and thermally robust [34]. Depending on the metallic (M)
or semiconducting (S) nature of their inner and outer tubes, DWNTs can have four possi-
ble configurations, S@S, SAM, M@S, M©M, each of which is expected to have particular
properties suitable for different electronic device applications.
Possible techniques for fabricating DWNTs include chemical vapor deposition (CVD)
[34, 10] or the filling of SWNTs with fullerenes that coalesce and form inner tubes of
DWNTs upon heat treatment [9, 19]. Both types of DWNTs are studied in the present
chapter and are inter-compared. In the case of C60-derived DWNTs (denoted by C60-
DWNTs), the coalescence of fullerenes at high temperature (>1200 C) forms inner tubes
with diameters (dt) close to that of C60 [19]. According to Bandow et al., under prolonged
heat treatments the initial diameters of the inner tubes can increase in order to adjust the
wall to wall (WtW) distances and minimize the energy of the system [19]. Also, by using
high resolution Raman spectroscopy, Pfeiffer et al. [64, 26, 65, 66] and Kuzmany et al.
[67], observed that the inner tubes of C60-DWNTs can be contained inside outer tubes with
different diameters where smaller WtW distances increase the inter-tube interaction and
upshift the RBM of the inner tubes. CVD-DWNTs and C60-DWNTs have been shown to
have different optical properties that are believed to originate from differences in the WtW
distances and the degree of crystallinity of the inner tubes. For instance, on one hand,
a quenching of the photoluminescence (PL) signal has been observed in C60-DWNTs and
attributed to inter-tube interactions [68]. On the other hand, in CVD-DWNTs, a strong
PL emission from the inner semiconducting tubes has been recently reported [69].
To the best of our knowledge, most spectroscopic experiments on DWNTs have been
performed on bundles or solution-based samples, so that it has been inherently difficult
to use Raman spectra to investigate which inner (n,m) tubes are actually contained inside
the variety of observed outer (n',m') tubes. In order to quantitatively determine which
specific inner and outer tubes actually form each DWNT, one must perform experiments
on individual DWNTs [27]. Therefore, in the present chapter individual C60-DWNTs have
been dispersed on a substrate and studied independently. In this chapter we report a
brief comparison between CVD-DWNT and C60-DWNT bundles and a detailed study of 11
individual isolated C60-DWNTs with inner semiconducting (6,5) tubes and various outer
metallic tubes.
5.2 Experimental Details
We used a CVD method to synthesize the CVD-DWNT bundles used in this study. The high
purity of our CVD-DWNT bundles relative to residual catalyst particles and SWNTs has
been confirmed by diamagnetic susceptibility [14, 38] and Raman spectroscopy experiments
[39], respectively. The C60-DWNT bundles used herein were fabricated by reacting C6 o and
SWNTs under vacuum at 600 C for 24h. The starting SWNT material was both synthe-
sized by the arc method and purified by Hanwha Corp (Korea). The as-grown peapods
were washed with toluene to remove residual C60 and heat treated at 1700'C in Ar (1
atm) to transform them into C60-DWNT bundles. A high resolution transmission electron
micrograph (HRTEM) of the resulting C60-DWNT material is shown in Fig. 5-1(a). A so-
lution containing isolated C60-DWNTs was prepared by dispersing 1mg of C60-DWNTs in
D20 with 0.5 wt.% sodium dodecilbenzenesulfonate (SDBS) and sonicating the dispersion
(600 W/cm2) for 15-30 min. Subsequently, the solution was ultracentrifuged (320,000 g)
for 30min and 70% of the supernatant solution was collected. Photoluminescence mea-
surements were performed on the resulting C60-DWNT solution with a NIR-PL Shimazu
system using a liquid-nitrogen-cooled InGaAs array-type detector. The PL map from the
C60-DWNT solution (see Fig. 5-1(b)) shows the presence of three (n,m) species where the
strongest peak corresponds to (6,5) semiconducting tubes. The synthesis and the dispersion
in solution of the DWNTs, as well as the TEM and PL measurements, were performed by
our collaborators in the group of Professor M. Endo at Shinshu University, Japan.
The solution containing isolated C60-DWNTs was spin-coated on a silicon substrate that
is marked with a gold grid and allows for precise recording of the location of an isolated
DWNT (see inset of Fig. 5-2(b)) [27]. The distribution of the deposited DWNTs on the
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Figure 5-1: (a) HRTEM of a C6 0-DWNT produced by heat treating peapods at 1700'C
in Ar. (b) Photoluminescence (PL) map of a solution containing isolated C60 -DWNTs
dispersed in sodium dodecilbenzenesulfonate (SDBS). The strongest PL peak corresponds
to semiconducting (6,5) inner tubes. HRTEM and PL courtesy of Professor Y.A. Kim.
silicon substrate is not spatially homogeneous but the nanotube density is low enough to
have 0 to 20 nanotubes per 10Opm 2. The laser spot has a 1pm diameter and, depending
on its location on the substrate, the laser spot illuminated 0 to 5 DWNTs. For bundles,
5 measurements were performed on different spots and laser power levels were kept below
0.5mW to avoid excessive heating of the DWNTs. The scattered light was collected through
a 10OX objective using a backscattering geometry. An Nd:YAG laser was used to gener-
ate Easer=2 .3 3 eV and a Kr+ ion laser generated Elaser =1.92eV. A dye laser containing
Rhodamine 6G dye and a Ti:sapphire laser were pumped by the Nd:YAG laser to generate
Easer=2.05-2.16eV and Elaser =1.6eV, respectively. A thermoelectrically-cooled Si CCD
(charge coupled device) detector operating at -75 C was used to collect Raman spectra.
In order to obtain a strong Raman signal from an isolated carbon nanotube, the reso-
nance condition must be met by matching the laser energy to the energy separation between
the van Hove singularities of the isolated nanotube [17]. Our laser spot often illuminates
nanotubes that are not in resonance with the laser energy. Therefore, in order to find res-
onant nanotubes with a strong radial breathing mode (RBM) Raman signal, we scanned
large substrate areas (900pLm 2 ).
5.3 Bundled C60-DWNTs
Before starting the discussion on individual C60-DWNTs, we briefly comment on the RBM
spectra of our C60-DWNT and CVD-DWNT bundle samples. As shown in Fig. 5-2(a),
and in agreement with a previous report [66], C60-DWNTs have a narrower dt distribution
than CVD-DWNTs. This observation was expected because, in the case of C60-DWNTs,
the dt distribution of the starting SWNT material limits the possible choice of dt for the
inner tubes when the fullerenes coalesce through heat treatment to form the inner tube. In
the case of CVD-DWNTs, this dt limitation is not present and, when using Elaser2.13eV,
we find resonance with semiconducting tubes for 8 different diameters and metallic tubes
with dt=1.41 and 0.97nm (see Fig. 5-2(a)). As is expected, the RBM frequencies of the
inner and outer tubes of the individual C60-DWNTs that we study in the following section,
coincide with the RBM frequencies of the most prominent tube diameters observed in the
C60-DWNT bundles (See vertical lines connecting the shaded Lorentzians in Fig. 5-2 (a)
to the RBM pair in Fig. 5-2 (c) for an individual DWNT).
5.4 Individual C60-DWNTs
Herein we describe the procedures that allowed us to detect and characterize isolated C60 -
DWNTs and we then discuss the dependence of the WRBM, WG- and wD frequencies on
DWNT nominal inner tube diameter and WtW distance.
After studying the large area Raman maps of the Si substrate, on a few occasions
(-<5%), it was possible to find locations on the Si substrate that showed two RBM modes,
simultaneously in resonance with the same Elaser. These pairs of RBMs come from two
nanotubes, one with a small diameter (-0.7nm) and another one with a large (~1.3nm)
diameter. The observation of these RBM pairs (see Fig. 5-2(c)) suggested that we had
found a resonance with the inner and outer tubes of the same DWNT with the same laser
line (Elaser is within the resonance window for both the inner and outer tubes of the
same DWNT). However, although the probability is low, a rope of 2-3 DWNTs could also
generate a pair of RBMs if the inner and outer tubes of two different DWNTs happen to
be in resonance with the same Elaser. Therefore, in order to confirm that the two observed
RBMs were indeed coming from the same DWNT, we verified that only one DWNT was
being illuminated by the laser spot. This verification consisted of three steps whose results
are shown, for the same DWNT, in Fig. 5-2:
(1) We used AFM (atomic force microscopy) to check that the DWNT is completely
isolated and far away from the other tubes on the substrate (See Fig. 5-2(b)). The inset
in Fig. 5-2(b) shows the Au grid used to mark and record the location of each individual
DWNT.
(2) We checked that the height of the DWNT as measured by AFM corresponds to
the diameter of the outer tube of the DWNT as deduced from its low frequency RBM.
Figure 5-2(d) shows the AFM height profile of our DWNT. The difference between the
measured Raman and AFM outer tube diameter estimates is ~O.lnm.
(3) Finally we scan the same spot in the sample with multiple laser lines in order to
eliminate the presence of additional nanotubes that might not have been in resonance with
the initial laser energy. Figure 5-2(c) shows the RBM region of the Raman spectrum coming
from one isolated DWNT taken with Eiaser=2.11eV. The same spot on the substrate was
also scanned with 9 different laser energies (2.33, 2.16, 2.14, 2.12, 2.10, 2.07, 2.05, 1.92 and
1.60 eV) and no additional RBMs coming from other nanotubes were detected.
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Figure 5-2: (a) Raman spectra for the RBM region for CVD-DWNT and C 6o-DWNT bun-
dles (Eiaser=2.13eV). (b) Atomic Force Microscope (AFM) image of one individual, isolated
DWNT. Inset: Silicon substrate with Au markers showing the location of the DWNT. (c)
Raman spectra for the RBM Raman region (Easer2.11eV) for an isolated individual C1.-
DWNT and (d) Atomic Force Microsope (AFM) height profile of the individual, isolated
DWNT shown in (b) with the RBM spectrum shown in (c). The vertical lines connecting (a)
and (c) show that the WRBM of the prominent tube diameters observed in the C6 o-DWNT
bundles coincide with the wRBM of the inner and outer tubes of the isolated C60 -DWNTs.
Performing AFM and acquiring Raman spectra with many Elaser on isolated DWNTs is
feasible [27] but also experimentally challenging. While attempting to increase the through-
put of the above mentioned technique, we discovered that it is also possible to use less AFM
time and only one laser line and still be almost certain that we are in resonance with the
inner and outer tubes of the same DWNT. We now describe a new procedure that allowed
us to detect 11 isolated C60-DWNTs and to characterize their inner and outer tubes.
First we used one laser line (2.08 or 2.10eV) to find as many spectra as possible contain-
ing two simultaneous RBMs (see Fig. 5-3) that matched the expected inner and outer tube
diameters of the individual DWNTs present in our sample (see Fig. 5-4). By plotting the
low frequency RBM (large diameter outer tubes) vs high frequency RBM (small diameter
inner tubes) for each spectrum, we found that the frequencies of most of the simultaneously
detected RBM pairs (80%) were correlated (see Fig. 5-5(a)). We know a priori that if
the two simultaneously resonant RBMs do not correspond to the same DWNTs we should
observe random low frequency RBM vs high frequency RBM relationships. Therefore, the
trend followed by the simultaneous RBM pairs plotted in Fig. 5-5(a) suggests that each
of the 11 RBM pairs is indeed coming from the inner and outer tubes of a single isolated
DWNT. Thus, if the observed pair of RBMs fits the trend in Fig. 5-5(a), then the pair
is identified as most likely coming from the same isolated DWNT and the pair is then re-
tained; otherwise the spectra were discarded in this analysis, leaving the 11 pairs shown in
the figure.
The Kataura plot in Fig. 5-3 shows that, when using Elaser=2.08 and 2.10eV, we excited
the Es transitions of (6,5) inner semiconducting tubes and the EM transitions of outer
metallic tubes mainly from family 2n+m=33. The Kataura plot was calculated within the
ETB (extended tight binding) framework [40], including many-body corrections, fitted to
the RRS (resonance Raman scattering) data from sodium docecyl sulfate-wrapped HiPCO
(High Pressure CO conversion) SWNTs [60]. We find that such a Kataura plot (Fig. 5-
3) which is based on prior studies on SWNTs [40], is accurate enough for the qualitative
identification of the (n,m) assignment for small diameter tubes within DWNTs. Although
the relationship between WRBM and dt for the inner tubes and outer tubes of DWNTs is not
expected to be the same as it would be for isolated SWNTs, we approximate the nanotube
diameters for both the inner and outer tubes of DWNTs in this chapter by using the SWNT-
based RBM relation WRBM = 218.3/dt + 15.9 [14], because there are no experimental or
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Figure 5-3: Kataura plot of the resonant transition energies vs. RBM frequencies for
SWNTs based on the extended tight binding model [40]. The location on the plot of the
measured DWNT RBMs are marked with triangles. The laser energies (2.08 and 2.10 eV)
chosen to excite DWNTs with inner semiconducting and outer metallic tubes are marked
with horizontal lines. The vertical lines denote the ranges of WRBM measured for the inner
and outer tubes of the DWNTs.
theoretical WRBM vs dt relationships presently available for the inner and outer tubes that
constitute the four different kinds of DWNT configurations (S@S, SAM, M@S, M©M) as
mentioned above. Also, nanotube-substrate van der Waals interactions are known to induce
radial deformations that can upshift the WRBM of large diameter SWNTs [70]. However,
in this chapter we assume that nanotube-substrate interactions have a negligible effect on
the WRBM of each of the two layers of our DWNTs because (a) the dt of the outer tubes
is relatively small (1.3nm) and therefore the outer tube has a small contact area with the
substrate, (b) the deformation of the outer tube is reduced by the presence of the inner
tube, and (c) because, to a first order approximation, the inner tube is shielded and not
affected by the substrate.
Based on the SWNT-based RBM relation mentioned above, we find that the WRBM
values for the 11 DWNT specimens experimentally measured in this chapter yield nominal
inner (outer) tube diameters in the 0.69-0.73nm (1.28-1.35nm) range. The nominal WtW
distances for these 11 C 60-DWNTs are calculated by subtracting the nominal dt of the inner
tubes from the nominal dt of the outer tubes obtained by the above procedure, yielding
nominal WtW distances in the 0.58-0.65nm range. In Fig. 5-5(a) we plot the measured
WRBM of each inner tube vs. the WRBM of its corresponding outer tube for the 11 measured
tubes. All the inner tubes in this chapter are assigned to (6,5) nanotubes and we observe
that their measured WRBM values upshift with increasing measured outer tube wRBM values
(Fig. 5-5(a)). Similarly, the measured WRBM of the inner tubes upshift with decreasing
nominal WtW distance as shown in Fig. 5-5(b) and in qualitative agreement with the
results in Refs. [26, 64, 65, 66, 67].
Because of the strong carbon-carbon bond and the small dt of the (6,5) tubes, we do
not expect the actual diameter of the inner tubes to decrease to the values given by the
SWNT-based WRBM vs 1/dt relation given above. Instead, the observed hardening of the
measured WRBM as the nominal WtW distance decreases, corresponds to a minimal change
in actual inner tube dt and provides an indirect measure of the stress that is felt by the
inner tube. All the eleven inner tubes shown herein are Type II semiconducting (6,5) tubes
but the outer tubes that surround them vary somewhat in diameter and can be identified
with a few different (n,m) values from one another, but certainly far less than 11 different
values.
5.4.1 Dependence of WG- on the Inner Tube WRBM and the Wall to Wall
Distance
The tangential G-band modes in carbon nanotubes can be TO (transverse optic) and LO
(longitudinal optic). The frequencies of the LO and TO modes vary with the degree of con-
finement, curvature and chiral angle of each particular (n,m) nanotube, and the intensities
of the TO and LO modes are sensitive to the angle formed between the nanotube axis and
the polarization of the incoming light [71]. For semiconducting nanotubes, the LO mode
(G+ band) is a bond stretching mode with little diameter dependence, and the TO mode
is a bond bending mode whose frequency decreases with decreasing nanotube diameter
(G- band) [49]. Also, the G- band feature of isolated semiconducting tubes (S-SWNTs)
generally has a smaller FWHM linewidth than that of metallic tubes [28].
Since the inner tubes of our DWNTs are semiconducting, their spectra show sharp G-
features that are easy to fit unambiguously with a Lorentzian lineshape. If we correlate WG-,
the frequency of the G- band, with the low frequency RBM (corresponding to the inner
tube) in our spectra for DWNTs, we observe an increase in WG- as WRBM for the inner
nanotube increases (see Fig. 5-5(c)). This behavior is opposite to the well-documented
(a)
-
CU
E
-
CU
E
'U
S D
150 200 250 300 350 40
Raman Shift (cm )
5
153
1200 1300 1400 1500
Raman Shift (cm"1 )
1600
0
Figure 5-4: (a) RBM-band and (b) D-band and G-band regions of the Raman spectra
corresponding to five different DWNTs whose inner and outer walls are simultaneously in
resonance with the same laser line Elaser= 2.10eV. Vertical lines in (a) denote outer M
tubes and inner S (6,5) tubes and the dark vertical line denotes a Si Raman feature. The
vertical lines in (b) denote D-band and G-band features (see text).
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Figure 5-5: All the inner tubes for the 11 C60-DWNTs in this figure are (6,5) tubes. (a)
Correlation between the WRBM of the inner and outer tubes of the same C60-DWNT. (b)
Correlation between the WtW distance of each DWNT with WRBM for its inner tube. An
increase in the WRBM of the inner tubes is accompanied by a decrease in the nominal
WtW distance. (c) Plot of WG- vs WRBM for the inner tube of each DWNT. An upshift in
WG- results from a decrease in the nominal WtW distance and the resulting increased inter-
tube interaction. (d) The WD1 for each component of the D-band vs wRBM for the inner
tube for each of the 11 DWNTs. The splitting of the D-band into WDi and WD2 decreases as
WRBM of the inner tube increases with decreasing nominal WtW distance. Note that WD2
remains almost constant while WD1 increases.
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We explain this observation in the following way. We know from Fig. 5-5(b) that DWNTs
whose inner tube show an upshifted WRBM tend to have smaller nominal WtW distances.
A smaller nominal WtW distance implies a higher degree of inter-tube interaction and a
higher mutually induced stress felt by both the inner and outer tubes of an individual
DWNT. Therefore, we expect the observed hardening of the G- frequency with increasing
inner tube WRBM (see Fig. 5-5(c)) to be caused by the increased stress that the outer and
inner tubes exert on each other in the case of DWNTs as the WtW distances decrease.
Experimentally, although not shown explicitly in this chapter, the intensity of the G- band
is not observed to show any significant dependence on the nominal WtW distance.
Finally, we expect the G+ region of our DWNTs to contain a contribution from the LO
mode of its S inner tube and the TO mode of its M outer tube. Unfortunately, the WG+ Of
the inner tubes and the wG+ of the outer tubes from our DWNTs overlap so that we can
not distinguish the separate contributions made by each of the tubes to the G+ feature and
we were not able to study possible correlations between wG+ and the WRBM of the inner
nanotube.
5.4.2 Dependence of WD on the Inner Tube WRBM and the Wall to Wall
Distance
The D band is a one-phonon second-order band that appears when the translational sym-
metry of a nanotube is broken. In the case of SWNTs, the D-band can be fit with one
Lorentzian and, like the G- mode, the D-band softens with decreasing nanotube diameter
[17]. The lineshape of the observed D-band from our DWNTs (see Fig. 5-4 (b)) can be fit
with one low (WDO) and one high (wD2) frequency Lorentzian which can be correlated with
the inner (lower frequency) and outer (higher frequency) tubes of each DWNT. A factor
that contributes to the splitting of the D-band in this collection of DWNTs is the diam-
eter dependence of WD which makes the splitting more evident for larger nominal WtW
distances between inner and outer tubes (see leftmost part of Figs. 5-5(b) and (d)). As
shown in Fig. 5-5(d), we observe that when the WRBM of the inner tube increases, WD1 then
also upshifts, probably due to a decreased WtW distance that results in an increasingly
stressed inner tube. Finally, although not shown explicitly in this chapter, the intensity of
the D-band components (D1 and D2) do not show a clear correlation with the WRBM of the
inner tube.
5.5 Conclusions
In this chapter we obtained the Raman spectra of 11 isolated C60-DWNTs all with inner
semiconducting (6,5) tubes but with different outer metallic tubes by searching for RBM
pairs that were simultaneously in resonance with the same Elaser and that matched the
expected inner and outer tube diameters of individual DWNTs. In this collection of isolated
C60-DWNTs we observed that the WRBM of the inner (6,5) semiconducting tube hardens
as the diameter of the outer metallic tube decreases. We also measured an increase in
wG- with decreasing wall to wall distances and attributed the upshift of WG- to the stress
felt by the inner tubes of the DWNTs due to increasing inter-tube interaction and mutual
stress. Finally, we noted that the D-band mode splits into two components where the lower
frequency component WDi is related to the inner tube and hardens with decreasing nominal
WtW distances. The upper frequency D-band component wD2 related to the outer tube is
independent of the nominal WtW distance, indicating that the mutual stress between the
inner and outer tubes is largely borne by the inner tube. In the future we expect to use
the same technique to find specimens with the remaining three DWNT configurations and
compare their optical properties as the intertube distances are varied.
Chapter 6
Comparative Raman Spectroscopy
Study of Chemical Vapor
Deposition and Peapod Derived
Bundled and Individual Double
Wall Carbon Nanotubes
We use 40 laser excitation energies to analyze the differences in the Raman spectra from
chemical vapor deposition-derived DWNT bundles (CVD-DWNT), fullerene-derived DWNT
bundles (C60-DWNT) and individual fullerene-derived DWNT with inner type I and type
II semiconducting tubes paired with outer metallic tubes. For the radial breathing mode
(RBM) of SWNTs, an experimental WRBM vs dt relationship of the form wRBM = A/dt + B
is obtained for the inner tubes of D WNT bundles where the A and B constants are found to be
close to those obtained by elasticity theory when modeling the elastic properties of graphite.
A similar change in wRBM is observed for an inner type II semiconducting (6,5) tube and
a type I (9,1) tube when inside various metallic outer tubes. The G-band band frequency is
observed to upshift when switching the laser resonance from DWNTs with semiconducting
inner tubes to DWNTs with metallic inner tubes. Finally, we measure the G' feature from
C60 -DWNTs and note a downshift in frequency with respect to that of CVD-DWNTs.
6.1 Introduction
Double wall carbon nanotubes (DWNTs) are of scientific interest because they provide the
simplest system in which to study the interaction between two concentric carbon nanotubes.
Furthermore, the inner and outer tubes of a DWNT can be either metallic (M) or semicon-
ducting (S) so that four different configurations of DWNTs are possible (MOM, SOS, M@S,
SUM). The electronic and optical properties of a double wall carbon nanotube (DWNT)
are dependent on the individual properties of its constituent inner and outer tubes. Since
different DWNT synthesis processes yield different inner-outer tube pairs, the electronic
and optical properties of current DWNT samples are highly dependent on the fabrication
procedure. The two main fabrication procedures used to synthesize DWNTs include: (a)
chemical vapor deposition (CVD-DWNTs) [10] or (b) the filling of SWNTs with fullerenes
where a second inner tube is created by heat-induced coalescence of the fullerenes (C60 -
DWNTs) [9, 19]. The CVD-DWNTs and C60-DWNTs have been reported to have some
differences in their electronic and optical properties due to differences in the crystallinity
of the resulting inner tubes and in the characteristic distance between the inner and outer
tubes [66]. For instance, C60-DWNTs have been observed to have smaller average wall to
wall distances (defined as the distance between the inner and outer walls of the DWNT)
than CVD-DWNTs for DWNTs with similar inner diameters. Also, the photoluminescence
(PL) emission from the inner tubes of DWNTs appears to be highly dependent on sample
fabrication and purity, because both high and low intensity PL signals from the inner tubes
of DWNTs have been reported for CVD-DWNTs [69] and C60-DWNTs [68], respectively.
The fact that current DWNT synthesis procedures yield samples that contain a mixture of
DWNTs with all four of the configurations listed above further complicates Raman data
analysis because the Raman spectra from DWNT bundles contain contributions from most
of the four possible DWNT configurations. Thus, it is difficult to quantitatively determine
the actual (n,m) indices of the constitutive inner-outer tube pairs present in a DWNT bun-
dle. In an effort to study DWNTs with a known configuration, we have performed tunable
Raman experiments on DWNT bundles and complemented these studies with careful stud-
ies at the individual DWNT nanotube level capable of finding Raman resonances with both
the inner and outer tubes of the same DWNT. Herein, we analyze the differences between
the Raman spectra obtained from CVD-derived and C60-derived DWNT bundles with 40
laser excitation energies. We also compare the RBM features from individual DWNTs with
the RBM features from DWNT bundles.
6.2 Experimental Details
A CVD method was used to synthesize the CVD-DWNT bundles analyzed in this study [101.
The high purity of our CVD-DWNT bundles relative to residual catalyst particles has been
confirmed by diamagnetic susceptibility measurements [14], and the purity with regard to
the absence of SWNTs was confirmed by TEM studies [20, 72]. The C60-DWNT bundles
used herein were fabricated by reacting C6 0 and SWNTs under vacuum conditions at 600 C
for 24h. The starting SWNT material was synthesized by the arc method and purified
by Hanwha Corp (Korea). The as-grown peapods (SWNTs containing encapsulated C60
fullerenes) were washed with toluene to remove residual C60 and heat treated at 1700'C in
Ar (1 atm) to transform them into C60-DWNT bundles. The individual C60-DWNTs were
obtained by dispersing 1mg of C60-DWNTs in D 2 0 with 0.5 wt% sodium dodecilbenzene-
sulfonate (SDBS) and sonicating the dispersion (600 W cm- 2) for 15-30 min. The solution
was then ultracentrifuged (320,000 g) for 30 min, and 70% of the supernatant solution was
collected. The above-mentioned synthesis and the dispersion in solution of the DWNTs were
performed by our collaborators in the group of Professor M. Endo at Shinshu University,
Japan.
The supernatant solution containing the isolated C60-DWNTs was spin-coated on a Si
chip with gold markers, and the Raman mapping technique described in Chapter 4 [27] was
used to obtain Raman resonance spectra from the inner and outer layers of the same individ-
ual DWNT. For bundles, the laser power levels were kept below 0.5mW to avoid excessive
heating of the DWNTs. The scattered light was collected through a 10OX objective using
a backscattering geometry. A Nd:YAG laser was used to generate EIaser=2.33eV light and
a Kr+ ion laser generated Elase, =1.92eV. The Nd:YAG laser was also used to pump a dye
laser containing 4-dicyanomethylene-2-methyl-6-p-dimethylamino-styryl-4H-pyran (DCM),
Rhodamine 6G and R560 dyes to generate a range of laser energies Eiase,=1. 89-1.99eV,
Elaser=2.05-2.09eV and EIase,=2.24-2.30eV, respectively. To generate Easer=1.58-1.66eV,
a Ti:sapphire laser was pumped by the Nd:YAG laser. A thermoelectrically-cooled Si CCD
(charge coupled device) detector operating at -75'C was used to collect Raman spectra.
6.3 Results
We scanned both our CVD-DWNT and C60-DWNT bundled samples with 40 different
laser energies (Elaser) ranging from 1.58-2.33eV and we measured the wRBM values of each
identifiable (n,m) tube. The RBM contour maps (2D color plots of the RBM intensity for
WRBM vs Easer) shown in Fig. 6-1 correspond to (a) CVD-DWNTs and (b) C60-DWNTs
and both are superimposed on a SWNT-based Kataura plot of optical transition energy Eii
vs the frequency of the radial breathing mode [40]. The Kataura plot was calculated within
the ETB (extended tight binding) framework [40], including many-body corrections, and
fitted to the RRS (resonance Raman scattering) data from SDS (sodium dodecyl sulfate)-
wrapped HiPCO (High Pressure CO conversion) SWNTs [60]. A SWNT-based Kataura
plot was found to be accurate enough for a qualitative identification of the (n,m) indices
of the inner and outer tubes of the DWNTs. In principle, each of the four possible DWNT
configurations is expected to have unique electronic and optical properties and hence to
produce a unique Kataura plot. By comparing the Raman maps from CVD-DWNTs and
C60-DWNTs in Fig. 6-1, we find, in agreement with previous work [66], a marked difference
between the diameter distribution of the tubes contained in each type of sample. On one
hand, the CVD-DWNT Raman map reveals the presence of inner and outer tubes whose
RBMs span the entire range from 140 to 350 cm- 1 . On the other hand, the C60-DWNT
RBM Raman map does not show any resonant tubes in the 190-250 cm- 1 range but only
shows outer tubes with WRBM < 190 cm- 1 and inner tubes with WRBM > 250 cm- 1 (See
Fig. 6-1 (b)). This apparent difference in diameter distributions between CVD-DWNT and
C60-DWNT bundles arises from the fact that, unlike the CVD-DWNTs, where both inner
and outer tubes grow simultaneously, C60-DWNTs experience different diameter constraints
during growth. For the case of the C60-DWNTs the possible diameters of the inner tubes
are constrained by the diameters of the starting SWNT material (-1.3-1.6nm) which forms
the outer tubes of the DWNTs.
The relationship between wRBM and dt for the inner tubes and outer tubes of DWNTs
is not expected to be the same as it would be for SWNTs with similar diameters. There are
no experimental or theoretical wRBM vs dt relationships presently available for the inner
and outer tubes that constitute the four different kinds of DWNT configurations (S@S,
S@M, M@S, MOM). We thus measured the WRBM values of the identifiable (n,m) tubes in
our CVD-derived and C60-derived DWNT samples (See Fig. 6-2 and Table 6.1) and found
the experimental WRBM to dt relationship of the inner tubes to be wRBM = A/dt + B
where A=228.8 cm-inm and B=2.4 cm- 1. For comparison, in the case of SWNTs, a
proportionality constant of A=227.0 cm- 1 nm has been reported to be the fundamental
relation for pristine SWNTs in agreement with the elastic properties of graphite [73] and
B=0 cm- is expected for an ideal case where the effects of the medium surrounding the
nanotubes are absent (See Fig. 6-2). The WRBM data for our DWNTs, show a slight upshift
from the fundamental wRBM=227.0/dt relation for pristine SWNTs. A list of the small
diameter tubes (dt<0.9nm) whose (n,m) indexes were unambiguously identified in the CVD-
DWNT and C60-DWNT samples is presented in Table .
Table 6.1: The (n,m) index and dt with corresponding experimental WRBM from the inner
tubes of CVD-DWNTs (top) and C60-DWNTs (bottom). A horizontal line separates CVD-
DWNTs (top) from Co-DWNTs (bottom). The Elaser column denotes the laser energy at
which the WRBM was measured (See Fig. 6-2).
(n,m) dt (nm) WRBM (cm-1) Elaser (eV)
(6,4) 0.67 337.4 2.080
(6,5) 0.74 318.3 2.100
(7,5) 0.81 286 1.898
(7,6) 0.87 265.6 1.898
(9,1) 0.74 308 1.668
(9,3) 0.84 271.2 2.304
(6,4) 0.67 343.9 2.059
(6,5) 0.74 319.7 2.059
(9,0) 0.69 323.6 2.333
(9,1) 0.74 307.9 1.668
(10,1) 0.81 278.8 2.304
Further inspection of our DWNT bundle spectra reveals a splitting of the WRBM from
the inner tubes. The WRBM splitting in DWNTs has been reported to occur when various
inner tubes with a specific (n,m) are contained inside different outer tubes with various
diameters and chiralities. When for a given (n,m) inner tube, the diameter of the outer
tube is decreased, the wall to wall distance decreases, and the WRBM of the inner tubes
upshifts [15, 13, 65, 64]. Thus, a group of DWNTs with the same (n,m) inner tube and
different outer tubes, generates a cluster of WRBM peaks and we refer to this effect above
as a splitting of its WRBM-
In accordance with previous reports [64], we observe this wRBM splitting effect to be
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Figure 6-1: Experimental contour Raman maps of the RBM region from (a) CVD-DWNTs
and (b) C6o-DWNTs superimposed on a Kataura plot of the resonant transition energies vs.
RBM frequencies for SWNTs based on the extended tight binding model [40]. The horizontal
lines mark the El,,,e, regions where Raman spectra where acquired in 5nm intervals.
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Figure 6-2: (Top black line) Best fit (WRBM = (228.8/dt)+2.4) to the experimental wRBM vs
dt data points from CVD-DWNTs (circles) and C60-DWNTs (triangles). (Bottom red line)
Experimental WRBM as a function of dt for super-growth SWNTs (WRBM = (227.0/dt) +
0.3) [25].
more pronounced in the C60-DWNTs than in the CVD-DWNTs. For instance, the cluster
of RBM peaks generated by the (7,5) inner tubes (See Fig. 6-3) in the C60-DWNT (CVD-
DWNT) bundles contains eight (five) distinguishable WRBM peaks spread over a 29 (22)
cm- 1 range. However, we also find that the WRBM splitting effect is not necessarily always
present for the inner tubes of DWNTs. For instance, the WRBMs from the (6,4) inner tubes
in C60-DWNT bundles have been reported to span over a 30cm- 1 range [13], whereas in our
DWNTs the WRBMs from the (6,4) inner tubes for both CVD-DWNTs and C60-DWNTs
only split within a < 11cm- 1 range (See Fig. 6-3 (a) and (b)). The small diameter (7,2)
inner tube (See Fig. 6-3 (b)) observed in the C60-DWNTs also does not show any significant
WRBM splitting. Thus, even when one would expect smaller diameter inner tubes to show
increased splitting because they can fit inside a larger variety of DWNT outer tubes, energy
minimizing processes that occur during sample preparation are key to defining the final
(n,m) indexes and wall to wall distances of the inner and outer tubes that constitute the
DWNTs contained in a given sample.
Interestingly, the (7,2) inner tube does not appear in our CVD-DWNT sample (See
Fig. 6-3(a)). Figure 6-3 also shows that the inner tubes of the CVD-DWNTs have WRBM
peaks with larger full width half maxima (FWHM) than the C60-DWNTs. This observation
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suggests that the phonon lifetimes in the inner tubes are longer in C60-DWNTs than in the
CVD-DWNT's. However, the intensity of the D-band in C60-DWNTs (not shown here),
is greater than that of the CVD-DWNTs indicating that the former have a larger defect
concentration. In a conventional SWNT sample an increased defect concentration would be
expected to give rise to more phonon relaxation pathways, decreased phonon lifetimes and
increased RBM FHWM values [17]. The fact that C60-DWNTs show both, sharper RBM
peaks and higher D-band intensities than their CVD counterparts, suggests that either (a)
the C60-DWNT sample contains traces of unwanted amorphous carbon or (b) the majority
of the defects in the C60-DWNTs lie in the outer walls which themselves contain crystalline
inner tubes that allow for long phonon lifetimes and produce the observed sharp RBM
features.
6.3.1 The RBM from Individual C60-DWNTs
In order to investigate the DWNT configurations contained in our DWNT bundle samples,
we isolated DWNTs on a Si substrate and used a Raman mapping technique [15, 27] to
obtain Raman resonance spectra from both the inner and outer tubes of the same individ-
ual DWNT. The individual DWNT specimens that we specially identified for this study
are C60-DWNTs with an S©M configuration, where the inner S tubes are either (6,5), in
resonance with Ease,= 2.1OeV, or (9,1), in resonance with Easel,=1. 66 2eV. Although, the
(6,5) and (9,1) tubes are both contained inside M tubes and have almost the same diam-
eter (dt=0.74nm), the (6,5) tube is a type II semiconductor and the (9,1) tube is a type I
semiconductor [74]. Since these semiconducting type I and type II tubes have essentially
the same diameter, but a different chirality dependence of E [17], we considered that the
interaction between each type of inner S tube with its corresponding outer M tube may vary
somewhat. Figure 6-4 compares the RBM regions of CVD-DWNT bundles and C60-DWNT
bundles with the spectra from the individual SAM C60-DWNTs whose inner tubes are (9,1)
type I and (6,5) type II. As expected, the peaks from the inner tubes of the individual SAM
DWNTs tubes can be found within the frequency region that is occupied by the broader
RBM peak generated by the DWNT bundle samples (See Fig. 6-4).
In the case of the (6,5) type II tube, the WRBM from the individual tubes can be found
in the 313-329cm 1 range where the highest RBM frequencies correspond to tubes that
are paired with the smallest diameter outer tubes [15, 13]. In the case of the (9,1) inner
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Figure 6-3: The IRBM vs. WRBM for (a) CVD-DWNT bundles and (b) C6 0-DWNT
bundles for the 1.89-1.999eV Elaser range. The top horizontal axes mark the expected
dt (nm) of the tubes according to our experimentally obtained WRBM vs dt relationship
(WRBM = (228.8/dt)+ 2.4 cm- 1). The regions marked with an M (S) correspond to metallic
(semiconducting) tubes. In the cases where the exact (n,m) of the tube cannot be unam-
biguously identified, the (2n + m) family of the corresponding group of tubes is marked.
103
-
(a) 2.08 eV
S
Bundles
CVD-DWNTs E S Type I
S M Type II (6,4)
38 24 (5)
33
-9 Bundles
Co C.-DWNTs E
M ~Typ" 11
2.10OeV Type IfIndividual C.-DWNTs (6,5)C:
CU
E M
33
150 200 250 300 350 4-0
Raman Shift (cm')
(b) 1.662eV El
M Type l
36 S ( 1)
22 Bundles
E S CVD-DWNTs
M Type 1
36 2 ude22 Bundles
CVC
niCd.-u-DWNTs
(D 1.662eV
-: 36 % Ell
C: Type I
Co (9,1)
M" Individual C.-DWNTs
Si
150 200 250 300 350 400
Raman Shift (cm1)
Figure 6-4: (a) IRBM vs. WRBM from CVD-DWNT bundles, C60-DWNT bundles and five
individual C60-DWNTs (marked by arrows pointing at the inner and outer tube pairs) for
similar Elaser (2.08 and 2.10eV) excitation energies that excite DWNTs with the SAM
configuration. The individual DWNTs have inner tubes that are (6,5) type II S tubes
paired with outer M tubes belonging to (2n+m) family 33. (b) IRBM vs- WRBM from CVD-
DWNTs bundles, C60-DWNTs bundles and two individual C60-DWNTs using Easer=.662
eV. The individual S©M DWNTs (marked by arrows pointing at the inner and outer tube
pairs) have inner tubes that are (9,1) type I S tubes paired with outer M tubes belonging
to (2n+m) family 36.
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tubes, the WRBM for the two specimens, that were found appear in the 311-316cm- 1 range.
Similarly, the WRBM for the outer tubes pairing with the (6,5) tubes appear in the 175-
168cm- 1 range, and the outer tubes pairing with the three (9,1) tubes appear close to
173cm 1 . If we use wRBM = 228.8/dt + 2.4cm- 1 to approximate the wall to wall distance
in our individual S@M DWNTs, the specimens with type I and type II inner tubes are both
found to have nominal wall to wall distances that are smaller than the interlayer spacing
in graphite. Therefore, even if we can not obtain a direct measurement of the wall to
wall distance (as explained above), we observe that the dt dependence of the WRBMs from
the inner and outer tubes of an SAM DWNT is similar to within our experimental error
regardless of whether the inner semiconducting tube is type I or type II. We were not able
to make an (n,m) assignment for the outer tubes from our spectra because the Ei from
other tubes with similar diameters were too close to each other in energy (See Fig. 6-1).
However, the data are sufficiently accurate to tell us that the outer tubes of the individual
DWNTs with inner (6,5) and (9,1) tubes belong to (2n+m) families 33 and 36, respectively.
6.3.2 The G-band from CVD-DWNT and C60-DWNT bundles
The G-band is generated by in-plane C-C bond stretching modes that occur in the form of
optical phonons along the axial (longitudinal optical LO mode) and circumferential (trans-
verse optical TO mode) directions of a carbon nanotube [17]. In semiconducting (metallic)
tubes, G- and G+ originate from the LO (TO) and TO (LO) phonons, respectively. Since
the curvature in a nanotube weakens the bonds in the circumferential direction, the WG-
downshifts with decreasing nanotube diameter [49].
By measuring the Raman spectra from our DWNTs in the Eiaser=1.58-2.33eV range (See
Fig. 6-5), we scanned across regions of the resonance windows of the inner and outer tubes
that belong to DWNTs with the four possible configurations mentioned above. The inner
and outer tubes of the same DWNT are not necessarily in resonance with the same Elaser.
However, if the RBM and G-band resonance windows of a certain inner tube are centered
at roughly the same energy, we can assume, for a certain Easer, that the observed lineshape
of the G-band is predominantly generated by those tubes that show a resonant RBM signal.
We can thus analyze the WRBM region of a spectrum, relate it to its corresponding G-band
region and, assume that the tubes with WRBMs which are in resonance with a given Easer
have a predominant effect on the observed lineshape of the G-band feature.
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In the Eiaser=1.58-1.99eV range for CVD-DWNTs, we observe that the inner tubes in
resonance are predominantly semiconducting (S@S, S@M) (see Fig. 6-1(a)). In this case,
the frequency of the G+-band (WG+) is centered around 1588cm- 1 with a full width at half
maximum intensity of FWHMG+~ 15 cm~ 1 (See Fig. 6-5(a)) and wG- ~1555cm- 1 with
FWHMG+~ 42 cm- 1 . However, for Elaser ;> 2.07eV, besides being in resonance with SOS
and S@M CVD-DWNTs, we also find resonance with CVD-DWNTs having inner metallic
tubes (M@S, MOM) that belong to (2n+m) families 24 and 21 (see Fig. 6-1(a)) and we
observe that the lineshape of the G-band undergoes a series of noticeable changes (see Fig. 6-
5(a)) as Ease, is increased. These changes in the G-band lineshape, which coincide with the
appearance of the resonance with M inner tubes, are (a) an WG+ upshift of - 7cm-' (from
wG+~1588cm~l at 1.581eV to wG+~1595cm-1 at 2.33eV), (b) a -16cm~ 1 splitting of the
G+-band and G--band (WG- ~1580cm~ 1 and wG+~1595cm~1 at 2.33eV) and (c) a ~6cm-1
increase in FWHMG+ (from FWHMG+~ 15 cm- 1 at 1.581eV to FWHMG+ ~ 21cm- 1 at
2.33eV). The above mentioned changes can be appreciated in Fig. 6-5(c), where spectra for
the two extrema in Elaser are shown (predominant resonance with S©S and S@M DWNTs
at Elaser=.58leV to be compared with the resonance with M@S and MOM DWNTs at
Elaser=2.33eV).
In the case of C60-DWNTs, the distribution of the four possible DWNT configurations
present in the sample is different and we do not find a strong resonance with inner M tubes
belonging to the (2n+m) family 24 for Eiaser=2.242-2.304eV (see Fig. 6-5(b)). Instead we
only find strong resonance with inner M tubes for Elaser=2 .33 eV which excites (9,3) inner
M tubes belonging to family 21. The G-band lineshape for C60-DWNTs is similar for all
excitation energies in the Eiaser <2.33eV range where mostly DWNTs with S inner tubes
are excited. However, when Elaser=2 .33eV is reached and DWNTs with inner M tubes
are excited (see Fig. 6-5(c)), the G-band upshifts (- 9cm- 1 increase in WG+), splits (with
a - 12cm- 1 separation between WG- and WG+) and broadens (with an - 8cm- 1 increase
in FWHM). The upshift and broadening of wG+ when in resonance with M©S and MOM
DWNTs is consistently observed in both the CVD-DWNTs and C60-DWNTs. Therefore,
in DWNT bundles, the lineshape of the G-band is not only dependent on the sample's
diameter distribution but also on its DWNT M/S configuration distributions.
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Figure 6-5: Raman G-band intensity IG vs. wG for the 1.581-2.33eV Elase, range from (a)
CVD-DWNT bundles and (b) C6 0-DWNT bundles. The dark vertical lines on the left mark
the energy regions where the inner tubes in resonance with Ease, are either predominantly
semiconducting (Elaser=1.581-1.999eV resonant with S@S or S@M) or predominantly metal-
lic (Elaser=2.09-2.33eV resonant with M@S or M@M). (c) The G-band from C6 0-DWNT
bundles (Top) and CVD-DWNT bundles (Bottom) for Elaser excitation energies that pre-
dominantly resonate with either inner semiconducting tubes (Easer=1.581eV, SAS or S@M)
or inner metallic tubes (Eiaser=2.33eV, M@S or M@M).
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6.3.3 The G'-band from CVD-DWNT and C60-DWNT bundles
The G'-band is based on a two-phonon, inter-valley double resonance process that does not
require the presence of defects [75]. In general, the G'-band is generated by four processes
where (a) an incoming photon excites an electron with wavevector k, (b) the electron is
scattered from k to k+q by emitting a phonon with wavevector q, (c) the electron is
backscattered from k+q to k by emitting a second phonon and (d) the electron recombines
with a hole at k [32]. Since the laser excitation energy (Elaser) determines the k of the
excited electron and the q of the emitted phonons, the G'-prime mode is dispersive [31].
Also, like other Raman modes, the G'-band has a diameter dependence. For reference, in
SWNTs the reported dispersion of the G' feature is ~106cm 1 /eV [17].
In DWNT bundles, the diameter distribution is bimodal and we expect a G'-band with
two main features that correspond to the inner (G') and outer (G') tubes [76]. The intensity
(IG'), absolute frequency (wG'), the dispersion (8WG'/OElaser) and the FWHM (FWHMG')
linewidth of the two G'-band components in DWNTs are dependent on nanotube diameter,
chirality, metallicity and other factors, such as doping, strain and the energy of the incoming
photons. Figure 6-6 shows IG' vs WG' for the 1.881-2.33eV Elaser range for (a) CVD-DWNT
bundles and (b) Co-DWNT bundles. The CVD-DWNT sample shows a two-peaked struc-
ture where the low frequency peak (G'), which corresponds to the inner tubes [53, 76], has a
higher intensity than its higher frequency counterpart (G'). TheIGIG, and FWHMG,/GG
ratios (not presented here) show a tendency to increase with increasing Elaser. Interestingly,
the dispersion of the peak corresponding to the inner tubes (&wG'/OElaser=122.21cm- 1)
is considerably larger than that of the outer tubes (OWGI /OEaser=89.44cm- 1 ), indicating
that the inner and outer tubes, which vary in diameter and chirality, possess different sets
of E(k) dispersion relations with different slopes and thus enable the selection of different
q wave vectors (See 6-6(c)).
The G' spectra from the C60-DWNTs also has a two peaked structure where the intensity
of G' relative to G' (IGI/G') tends to increase with increasing Elaser. Interestingly, we
observe a slight downshift in the frequency of the G'-band of C60-DWNTs with respect
to CVD-DWNTs for spectra taken at the same Elaser. In particular, the wG' of the C60 -
DWNTs is on average ~6.5cm- 1 below its CVD-derived counterpart (See 6-6(c)). Similarly,
WG' is on average 3.4cm- 1 below its CVD counterpart for Easer < 2eV. This observation is
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consistent with the fact that WG' scales inversely with tube diameter [17] because the average
diameter of the SWNTs that were used to fabricate our C60-DWNTs is likely to be smaller
than the outer tube diameters that are present in the CVD-DWNT sample. In C60-DWNTs
the dispersions of G' (0wGc/Eiaser=106.51cm1 ) and G' (BoG' /iE9aserO=103.65cm 1 ) are
similar and the difference between them (- 3cm- 1 ) is smaller than the difference between
9WGI/Elaser and BOWG'/OEaser observed in the CVD-DWNTs (- 30cm-). The fact that
the diameter distribution of the inner and outer tubes is narrower in the C60-DWNTs than
in the CVD-DWNTs is one of the likely causes for the differences between OWG' /&Easer
and BWG'/&Elaser being smaller in C60-DWNTs than in CVD-DWNTs.
From previous experiments performed on SWNTs, the WG' was found to have a dt
dependence of the form WG' = wo +,3dt, where wo=2704cm 1 and # = -35.4cm- 1 - nm
for Eiaser=2.41eV [17]. However, the inner tubes from both CVD-DWNT and C60-DWNT
bundled samples show deviations from the above mentioned SWNT-based wG' (dt) relation.
The SWNT-based WG'(dt) relation predicts that our inner tubes with diameters in the 0.7-
0.9nm range should have WGI in the 2653-2664cm- 1 range. However, for the CVD-DWNT
(Co-DWNT) sample at Elaser=2.33eV, WG/= 2 6 3 2 cm (WG'=2634cm- 1) which is in both
cases below the SWNT-based prediction.
In the case of the outer tubes, there is reasonably good agreement with the SWNT-based
WG'(dt) relation. The SWNT-based relation predicts WG' to be in the 2676-2681cm 1 range
for tubes with dt in the 1.3-1.6nm range and we measure WGI =2682cm- 1 (wG'=2671cm- 1 )
for the CVD-DWNTs (C6o-DWNTs). In agreement with previous reports [76], the SWNT-
based wG' (dt) relation may predict the WG' of the outer tubes quite well but it can not
be applied to the inner tubes because this relation does not take into account the high
curvature of tubes with dt < hnm and the possible interactions of the inner tubes with the
surrounding outer tubes due to strain and electrostatic effects.
Finally, another factor that affects the lineshape of the G'-band is the distribution of the
M/S configurations present in a DWNT bundle sample. In SWNTs the G'-band intensity
(IG') has been reported to be larger for M than for S nanotubes because the electron-phonon
matrix elements for the TO phonon at the K point are larger for M tubes [77]. Therefore,
it is reasonable to expect that the relative intensities of G' and G' also depend on whether
the inner and outer tubes of a DWNTs are M or S. When taking the metallicity factor
into account, one must also keep in mind that the resonance window of the G'-band is
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wider than the resonance window of the RBM and the G band and therefore other tubes
that are not in resonance with the laser excitation energy for the RBM feature can also
contribute to the lineshape of the G'-band. Resonance with scattered photons can also
occur. Nevertheless, if we assume that both the G' and the RBM resonance windows of
a carbon nanotube are centered around the same energy, it is reasonable to expect that
the major contribution to the lineshape of the G'-band in DWNTs comes from the inner
and outer tubes that are in resonance with the laser excitation energy. In this context, we
divide our G'-band measurements into two regimes:(I) for all Elasers >2.2eV that excite
M@S DWNTs and the inner M tubes of MUM DWNTs and (II) for all Easers <2.2eV that
excite S@M DWNTs and the inner S tubes of SAS DWNTs (see Figs. 6-1 and 6-6). In
both C60-DWNTs and CVD-DWNTs we observe that the IGIG' is greater in regime II
than in regime I, in part because the laser energy is in resonance with the EM transition of
the inner M tubes. Thus, when the inner tubes in resonance with Elaser are predominantly
metallic, we observe an enhancement of the intensity of the lower frequency G' region with
respect to its high frequency G' counterpart. Experiments at the individual DWNT level
may enable quantitative measurements capable of decoupling the individual contributions
to the lineshape of the G'-band for each of the above-mentioned factors.
6.4 Conclusions
By scanning a large number of laser energies we have measured the Raman spectra from
CVD-derived and C60-derived double wall carbon nanotubes with the four possible metallic
and semiconducting configurations. For small diameter nanotubes (<0.9nm), the separation
between the Eii is large enough to allow for an accurate (n,m) identification of the inner
tubes. Once the (n,m) indexes of the observed inner tubes were assigned, we measured
their WRBM, and obtained an WRBM to dt relationship of the form WRBM = A/dt + B. The
values of the A and B constants are close to those previously obtained from the elastic
properties of graphite [73], indicating that the inner tubes are effectively shielded from
the environment by their surrounding outer tubes. By scanning the RBM region from
the CVD-DWNT bundles and C60-DWNT bundles we find that the splitting effect of the
WRBM described above is not necessarily always present for all inner tubes. For the same
(n,m) inner tubes, the RBM splitting behavior is observed to vary between CVD-derived
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the 1.881-2.33eV Eiase, range. The dark vertical lines on the right mark the energy regions
where the inner tubes in resonance with Eiaser are either predominantly semiconducting
(Fiaser < 2.2eV resonant with S@S or S@M) or predominantly metallic (iser > 2.2eV
resonant with M©S or MGM). (c) The dispersion of the low (wGS) and high (WG'2) frequency
components of the G'-band from CVD-DWNT bundles (triangles) and C6 o-DWNT bundles
(circles), and numerical values are given.
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and C60-derived DWNTs, indicating that the energy minimizing processes inherent to each
sample's synthesis method define the final (n,m)@(n',m') combinations and wall to wall
distances in DWNTs. We also analyzed the Raman spectra from individual SAM DWNTs
with inner (6,5) type II and (9,1) type I semiconducting tubes. The upshift in the WRBM
of the inner tube caused by a decrease in the diameter of the outer tube was observed to
follow the same trend in both type I (6,5) and type 11 (9,1) inner semiconducting tubes.
The lineshape and frequency of the G-band from CVD-DWNT and C60-DWNT bundles
were analyzed using various laser excitation energies and changes in the G-band lineshape
were correlated with a switch in resonance for DWNTs whose inner tubes are predominantly
semiconducting (S@S,S@M) to resonance with DWNTs with predominantly inner metallic
tubes (M©M,M@S). Finally, the G'-band frequency of C60-DWNT bundles is observed to
be downshifted with respect to that of CVD-DWNTs due to differences in the diameter
distributions and M/S configuration populations of the samples.
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Chapter 7
Conclusions
In this thesis tunable resonant Raman spectroscopy was used as a tool to obtain experimen-
tal information of the electronic and vibrational properties of bundled and isolated double
wall carbon nanotubes.
Initially, the Raman spectra were obtained from undoped and boron-doped CVD-derived
DWNT bundles that exhibit the "coalescence inducing mode" (CIM) after receiving heat
treatments at temperatures between 1200'C and 2000'C. In agreement with an earlier
study [14], we observed that the presence of elemental Boron during heat treatment enhances
DWNT coalescence and lowers the onset of structural destabilization from Thtt = 2000'C
to Thtt = 1500'C. After using multiple laser energies to excite DWNTs with different con-
figurations we did not detect a dependence of the structural destabilization temperature on
DWNT configuration. We observed that the D-band in DWNT bundles can be fit with two
Lorentzians corresponding to the inner and outer tubes of the DWNTs as is also observed
at the single isolated DWNT level. The overall dependence of the I/IG ratio on Easer
(in the range 1.6-2.41 eV) is qualitatively consistent with previous experimental [44] and
theoretical [46] reports on nanographite and SWNTs and has a power-law dependence on
Elaser of the form ID/IG=E', where a varies from ~-2.5 to -3 with decreasing Thtt. Also,
both the inner and outer tube constituents of a DWNT contribute to the characteristic line
shape of the G-band but we find that the semiconducting tubes and the outer tubes of the
DWNT have a stronger effect on the overall lineshape. By comparing the intensity of the
G'-band to the intensity of the corresponding RBM peaks as the DWNTs reach coalescence
with increasing Thtt, we observed that the four components of the the G'-band (G'1-G'4)
can, respectively, be assigned to the inner (G'1 and G'2) and the outer tubes (G'3 and G'4)
of the DWNTs present in our sample.
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The analysis of the Raman spectra from DWNT bundles is inherently limited because
the spectra contain simultaneous contributions from multiple DWNTs with different diam-
eters and configurations. In order to study DWNTs with a known configuration, finding
Raman resonances with both the inner and outer tubes of the same DWNT was necessary.
Therefore, a technique was developed to enable the acquisition of Raman spectra from the
individual constituents of the same isolated DWNT. The new technique combined tunable
Raman spectroscopy with Raman mapping procedures and electron beam lithography. Dou-
ble wall carbon naonotubes with the SAS, S@M and M@S configurations were detected.
Finding the M@M configuration remains a challenge. We attribute our inability to find the
MUM configuration to the fact that only 1/3 of all possible (n,m) pairs are metallic [1] so
the probability of finding an MUM DWNT is only 1/9. For the M@S and S@M configu-
rations, the shape of the G-band is dominated by the S or M nature of the tube that is in
strongest resonance with the Elaser excitation energy. The frequency of the G-band also
tends to upshift by - 10 cm 1 when we switch from the SUM to the M@S configuration. A
similar G-band upshift effect with increasing Elaser was also observed in the CVD-DWNT
bundles [15].
Searching for isolated DWNTs by acquiring Raman spectra with many Easer lines on
the same substrate area is feasible but also experimentally challenging and time consuming.
While attempting to increase the throughput of our technique for finding isolated DWNTs,
we discovered that it is also possible to use only one laser line and still be almost certain
that we are in resonance with the inner and outer tubes of the same DWNT. Therefore,
by searching for RBM pairs that were simultaneously in resonance with the same Elaser
and that matched the expected inner and outer tube diameters of individual DWNTs, we
obtained the Raman spectra of 11 isolated C60-DWNTs all with inner semiconducting (6,5)
tubes but with different outer metallic tubes. In this collection of isolated C60-DWNTs we
observed that the WRBM of the inner (6,5) semiconducting tube hardens as the diameter
of the outer metallic tube decreases. We also measured an increase in WG- with decreasing
wall to wall distances and attributed the upshift of WG- to the stress felt by the inner tubes
of the DWNTs due to increasing inter-tube interaction and mutual stress between inner and
outer tubes. Finally, we noted that the D-band mode splits into two components where the
lower frequency component WD1 is related to the inner tube and hardens with decreasing
nominal WtW distances. The upper frequency D-band component wD2 related to the outer
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tube is independent of the nominal WtW distance.
The final chapter of this thesis focused on comparing the differences between CVD-
DWNTs and C60-DWNTs. In the case of bundles, for the same (n,m) inner tubes, the RBM
splitting behavior was observed to vary between CVD-derived and C60-derived DWNTs,
indicating that the energy-minimizing processes inherent to each sample's synthesis method
define the final (n,m)@ (n',m') combinations and wall to wall distances in DWNTs. By
obtaining an experimental WRBM to dt relationship of the form wRBM = A/dt + B the
values of the A and B constants for both, CVD-DWNTs and C60-DWNTs, were found and
our measurements show that these values for A and B are close to those previously obtained
from the elastic properties of graphite [73], indicating that the inner tubes are effectively
shielded from the environment by their surrounding outer tubes. By scanning the RBM
region from the CVD-DWNT and C60-DWNT bundles, we found that the splitting effect
of the WRBM described above is not necessarily always present for all inner tubes. The
lineshape and frequency of the G-band from CVD-DWNT and C6-DWNT bundles were
analyzed using various laser excitation energies, and changes in the G-band lineshape were
correlated with a switch in resonance for DWNTs whose inner tubes are predominantly
semiconducting (S@S,S@M) to resonance with DWNTs with predominantly inner metallic
tubes (M@M,M@S). The upshift and broadening of WG+ when in resonance with M©S
and M@M DWNTs is consistently observed in both the CVD-DWNTs and C60-DWNTs.
Therefore, in DWNT bundles, the lineshape of the G-band is not only dependent on the
sample's diameter distribution but also on its DWNT M/S configuration distributions. The
G'-band frequency of Co-DWNT bundles is observed to be downshifted with respect to that
of CVD-DWNTs due to differences in the diameter distributions and M/S configuration
populations of the samples. In the final chapter, we also analyzed the Raman spectra from
individual S©M DWNTs with inner (6,5) type II and (9,1) type I semiconducting tubes.
The upshift in the wRBM of the inner tube caused by a decrease in the diameter of the
outer tube was observed to follow the same trend in both type I (6,5) and type 11 (9,1)
inner semiconducting tubes.
Future work
More experiments at the isolated DWNT level are needed in order to find a larger number of
specimens and to perform statistical studies that allow for quantitative comparisons between
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the four DWNT M/S configurations. The technology developed in this thesis may allow us
to find specimens of the MUM configuration if the DWNT sample is previously treated to
contain only metallic tubes. Several metallic enriching methods have been developed for
SWNTs that could be applied to DWNT samples.
Another exciting line of research is the simultaneous gating and acquisition of Raman
spectra from isolated DWNTs. This kind of experiment requires DWNTs with lengths (ide-
ally > 10pim) that allow for proper deposition of electrical contacts. Such long tubes would
allow us to change the Fermi levels of the inner and outer tubes while doing Raman spec-
troscopy studies on the DWNTs thus enabling us to perform detailed studies of intertube
charge transfer mechanisms and their dependence on tube metallicity, dt, and 0.
The exact identification of the (n,m) indexes of the large diameter (dt >1.4nm) outer
tubes is still difficult to extract from Raman spectra because the energy levels of tubes
with similar diameters are close to each other in energy. In this context, simultaneous
HRTEM and Raman experiments might pose a solution to the problem of identifying the
outer layer of a DWNT. If a single DWNT is suspended on a TEM grid, and observed on the
HRTEM, the position of the DWNT can be recorded and Raman spectra can be acquired
with various laser energies until resonance with both layers is found. This method has
very low throughput but it might help to improve current wall-to-wall distance estimates
in DWNTs.
A good approach to quickly find a reasonable number of isolated DWNTs might be
the use of Rayleigh scattering. Recently, Rayleigh scattering has been used to successfully
observe the Eii transitions of isolated SWNTs deposited on transparent substrates. If
Rayleigh scattering nanotube characterization techniques are applied to appropriate DWNT
samples, it may be possible to determine the (n,m) index of both the inner and outer tubes
of a large number of individual DWNTs in a record time.
In the near future, carbon nanotubes with two, three and even with a larger number
of desired layers will be readily available. Our understanding of multilayered nanotube
systems will keep benefiting from future advances in graphene and SWNT characterization
techniques, such as Raman scattering, Rayleigh scattering, TEM and studies involving
multiple techniques simultaneously.
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